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CHAPTER ONE 
 
Backgrounds and Objectives 
 
 
1.1  Backgrounds 
 
Recently, several mega-earthquakes such as Great Sichuan Earthquake (2008) and Great East 
Japan Earthquake (2011) have caused substantial loss of lives and properties damages to 
human society. In the earthquake prone regions, such as Japan, New Zealand, the United 
State of America and China, to understand the response of reinforced concrete (RC) 
structures subjected to seismic loading, a huge number of experimental and theoretical 
researches have been conducted in the recent decades. 
 
In Japan, as earthquake-resistance and fire-resistance structures, RC structures have been 
adopted in middle and low-rise buildings since the 1923 Great Kantō earthquake, due to 
much better performance of RC structures than the other types of old building structures. 
However, brittle failures were confirmed in many RC structures during the Tokachi-Oki 
Earthquake in 1968. To improve the ductility of RC members, as a temporary provision, 
maximum spacing of transverse reinforcement had been limited less than 100mm at the end 
of RC columns. 
 
Based on the lessons learnt from the previous earthquakes, Japan revised its Building 
Standards Act in 1981 and introduced a new seismic design methodology, which has been 
generally referred to as New Seismic Design Method (abbreviated to NSDM hereafter). 
According to the NSDM, structural engineers must conduct two stages of seismic design for 
a building. For concrete structures, at the first stage of design, engineers only need to 
conduct elastic analysis of the structure and determine the members’ size and the amount of 
longitudinal and transverse reinforcements in each member in order for the structure to 
resist a moderate earthquake with a return period of about 43 years. At the first stage of 
design, the concrete and steels are assumed to be linear elastic materials. At the second stage, 
engineers need to conduct nonlinear analysis of the initially designed structure and to adjust 
the initial sizes of beams or columns and the steel amount for the structure to be able to 
withstand a strong earthquake whose return period is about 475 years. The nonlinear elastic-
plastic design is generally conducted by calculating the ultimate lateral resistance at each 
1-2 
 
floor and ensuring that the calculated lateral resistance exceeds the required one, which 
takes into account of effects of seismic level, mechanical properties of the structure such as 
ductility, and distribution of earthquake-resisting elements.  
 
Since the NSDM was issued, ductile concrete structures have played dominant role in 
constructions of both public and private buildings in Japan. It is well known that a ductile 
concrete frame is generally intended to withstand strong earthquakes by dissipating 
earthquake-induced energy through plastic deformation or damage in beams and columns. 
Therefore, emphasis in the seismic design criterion for ductile concrete frames has been 
placed on prevention of buildings’ collapse and protection of human lives, and most of the 
current seismic design codes implicitly permits moderate and even severe damages in 
structural members under strong earthquake.  
 
 
Fig. 1.1-1 Damage in the 1989 San Francisco earthquake [1.1] 
 
Fig. 1.1-2 lateral swaying of the soft story observed in 2008 Sichuan earthquake 
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However, several strong earthquakes in recent couple of decades have brought up a new 
challenge to structural engineering community and human society. As shown in Fig. 1.1-1 
through Fig. 1.1-3, ductile concrete frames did achieve their goals to prevent collapse of 
buildings under design strong earthquake, but as the saying “ductility is damage” goes, they 
left severe damages and too large residual deformation for buildings to be repaired, and 
even in some cases led to demolition of the buildings.  
 
  
  
Fig. 1.1-3 Damages at the ends of ductile concrete columns in 2008 Sichuan Earthquake  
 
From the viewpoints of rehabilitation of human society and mental revival of victims of an 
earthquake, therefore, ductile concrete frames could no longer be regarded as the only 
solution for the buildings constructed in earthquake-prone regions. In addition to the 
traditional life safety, reparability or limited residual deformation should be adopted as an 
indispensable indicator to measure seismic capacity of building structures. A new 
earthquake-resisting structural system is being desired in human society and engineering 
community, whose members should have at least the following two features: 
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1) Stable response without degradation of lateral-resistance until large deformation even 
under high axial compression. In other words, the structural system should have a positive 
drift-hardening behavior till large deformation. 
2) Limited residual deformation after having experienced sufficiently large deformation 
induced by stronger earthquakes than the design earthquake expected in current seismic 
design codes. This property can be expressed in terms of self-centering in the hysteresis 
loops of the members. 
 
1.2 Literature review 
 
One of the potential solutions to the challenge and to meet the above-mentioned features is 
the construction and promotion of a new type of hybrid concrete structural system, which 
consists of a resilient concrete frame and sets of energy-absorption devices as shown in Fig. 
1.1-4 [1.2]. The resilient frame is intended to resist vertical gravity and lateral earthquake 
action nonlinearly but elastically to reduce acceleration response and residual deformation 
simultaneously, while the energy devices are to compensate for the reduced energy-
absorption capacity due to the self-centering property of the resilient frame. 
 
 
Fig.1.1-4 Concept of earthquake-resilient hybrid concrete structures 
 
As apparent from Fig. 1.1-5, a resilient concrete structure has advantage over a ductile one in 
that it behaves in a really stable manner up to large deformation without degradation in 
lateral-resistance and has limited residual deformation. On the other hand, the advantage of 
Resilient frame
Energy devices
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resilient concrete frames stands at the cost of poor energy-absorbing capacity, which requires 
concomitant use of energy-absorption devices. 
 
Though the importance of limited residual deformation has been noted by Otani [1.3] and 
Kawashima [1.4] independently in 1997, the concept of resilient concrete structure is 
relatively new. The current technologies of making resilient concrete members can be 
divided into two types; one is to introduce post-tension stress into concrete members 
through stressing high-strength steel bars, and the other is to utilize non-bond high strength 
reinforcing bars. Previous studies on the former method have been conducted by Watanabe 
et al. [1.5] , Priestley et al. [1.6], and Panian et al. [1.7], respectively, while Tanaka et al. [1.8] 
and Pandey et al. [1.9-1.10] have conducted studies on the latter method, respectively. 
 
 
Fig. 1.1-5 Comparison of the lateral responses of conventional ductile and resilient structures 
 
Study by Watanabe et al. has concentrated on the investigation of seismic behavior and 
evaluation of concrete columns with longitudinal rebars being post-tensioned [1.5], and 
concluded that post-tensioning the longitudinal rebars in concrete columns was very 
effective in reducing residual deformation. Priestley et al. [1.6] have proposed post-
tensioning the concrete bridge piers to mitigate residual deformation. Panian et al. [1.7] have 
developed and applied a unique combination of post-tensioned concrete walls and frames to 
the construction of new David Brown Center to limit potential seismic damage. 
 
While these previous studies have verified effectiveness of applying post-tension stress into 
concrete members in reducing residual deformation, in this type of method there are several 
difficult problems needed to be solved; For example, (1) how to measure the release of the 
Drift ratio
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post-tension stress at large lateral deformation, and (2) how to quantitatively evaluate effect 
of this release on seismic capacity of concrete members. Another problem concerning with 
the post-tensioned concrete members is that this type of concrete members could not 
maintain their stable response and exhibited degradation in lateral resistance at large 
deformation when the applied axial compression was high [1.11] 
 
By using un-bonded high strength longitudinal reinforcing bars and compressive steel plates 
in concrete columns, Tanaka et al. [1.8] developed resilient concrete members with limited 
post-earthquake residual deformation. The self-centering hysteresis response and improved 
lateral deformation capacity were observed in their tests. However, Tanaka et al. also 
reported in their research that these columns using un-bond high strength rebars couldn’t 
provide the same flexure capacity as the columns reinforced by normal high strength 
reinforcements (HSR), because the tensions sustained by the longitudinal reinforcements 
were reduced drastically. 
 
Pandey et al. have conducted experimental studies [1.9-1.10] of reinforced concrete columns 
to investigate effects of controlling the bond-resistance of longitudinal reinforcing bars on 
seismic properties of the columns such as seismic shear strength and ductility in 2005 and 
2008, respectively. Their test results have shown that the failure mode of columns at the 
ultimate state could be changed from shear to flexure, by reducing the bond strength of the 
longitudinal bars. Meanwhile, both shear strength and ductility of concrete columns had 
been improved as compared with conventional RC columns.  The studies also indicated that 
to completely avoid the development of the cracks located at hinge region, the bond strength 
must be reduced to a minimum either by using round bars coated with grease or by 
completely un-bonded the longitudinal reinforcement. 
 
Un-bonding of the high-strength longitudinal rebars, however, will inevitably result in loss 
of the lateral resistance by the tensile rebars, and lead to uneconomical design and difficulty 
in calculation of the seismic flexural strength of members. The loss of lateral resistance by the 
rebars may further make it impossible for the concrete member to exhibit positive stiffness 
after initial yielding, which is necessary to reduce seismic response and residual deformation 
of the member under relatively high axial load. 
 
To overcome the shortcomings inherent in the above-described two methods to make 
resilient concrete members, as a new and effective method to make resilient concrete 
members, Sun et al. have proposed an innovative use of high-strength bar with spiraled 
groove on its surface as the longitudinal rebar in concrete members, and experimentally 
verified that this method is very effective in reducing residual deformation and maintaining 
positive stiffness after initial yielding simultaneously [1.12-1.13]. The high-strength 
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reinforcing bar used in the test specimens of Sun et al. is a bar widely used in Japan as 
transverse reinforcement to confine high strength concrete. This reinforcing bar has specified 
yield strength of 1275 N/mm2 and expressed as SBPDN bar. Because its surface has spiraled 
groove, the SBPDN bar has much lower bond-strength than generally used deformed bar, i.e. 
low bond high strength reinforcement (LBHSR). It is the low bond strength that attracted 
Sun et al. attention, and that delayed yielding of longitudinal rebar and therefore made it 
possible to maintain positive stiffness and resilience till large deformation. This innovative 
use of the SBPDN bar undoubtedly opens a new and simple way to make resilient concrete 
frame. 
 
While the method proposed by Sun et al. can open an effective way to resilient concrete 
structures without involving any special efforts such as applying post-tension stress and/or 
un-bonding the high strength reinforcing bars, to make practicable use of resilient concrete 
members into actual constructions, there is still an important problem to be solved. The 
unsolved problem is how to provide sufficient ductility to concrete to match up with the 
stable response and resilience till large deformation. 
 
Circularly confined concrete column is a good candidate for resilient concrete columns 
because circular spirals or loops can provide much more effective confinement to the core 
concrete than rectilinear transverse steels. While there are some difficulties in the 
construction of square/rectangular beam and circular column joints, omnidirectionality and 
sound confinement effectiveness by circular transverse reinforcement have helped circular 
concrete columns find wide applications in transportation terminals, subway terminals, and 
office buildings located in seismic regions world-widely. There have also been numerous 
studies on the seismic performance and evaluation of ductile circular concrete columns. 
However, as reviewed above, targets in the previous studies on resilient concrete structures 
are all for square or rectangular concrete members, there has been, if any, few study of 
resilient circular concrete members. Information about seismic behaviors and assessment of 
resilient circular concrete columns are desirable. 
 
In promoting the study of circular resilient concrete columns, engineers must address one 
important issue concerning with the correlation between the seismic shear strength and 
flexural strength. Since circular transverse steels can provide much stronger confining 
pressure to the core concrete, the seismic flexural strength in a resilient circular concrete 
column tends to stably increase along with the lateral deformation, which is generally 
represented in terms of drift ratio. The seismic shear strength, on the other hand, will 
decrease with increasing of the drift ratio, due to expanding and further development of 
diagonal shear crack, deterioration in interlock action by aggregates, and degradation in 
dowel action of longitudinal reinforcements. As shown in Fig. 1.1-6, if one can’t trace the 
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degradation in seismic shear strength, the initially designed resilient concrete column may 
prematurely fail in shear. Therefore, understanding and reasonable evaluation of the 
relationship between the seismic shear strength and the lateral deformation is indispensable.  
 
The study of the seismic shear strength of ductile circular concrete columns can trace back to 
the research by Ang et al. in 1989 [1.14]. Based on the experimental results of circular 
concrete columns, they developed a complete seismic shear strength model with the 
concepts of truss mechanism and effective shear strength area. The model initially proposed 
by Ang et al. defines the relationship between shear strength and displacement ductility, 
which is the ratio of ultimate displacement to yield displacement.  
 
Fig. 1.1-6 Premature shear failure in resilient frame 
 
Since then, some modifications have been made and as a consequence several design 
equations been proposed [1.15-1.20]. Details and comparisons of the shear strength models 
proposed previously can be found in Chapter five in this thesis. Because these previous 
models all define relationship between the seismic shear and displacement ductility, and 
because the definition and calculation of the displacement ductility has not yet received 
consensus in the research community, the current models obviously can’t be applied to 
resilient circular concrete columns. A new and complete shear strength model is desirable 
that can relate the shear strength directly to the lateral deformation, which is a concrete 
index to measure damage degree of a concrete member. 
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The second shortcoming in the current models lies in that one has to transform circular 
column section into an equivalent square or rectangular section or adopt the concept of 
effective shear strength area before applying them to evaluate seismic shear strength of 
circular concrete columns. For instance, both ACI committee 318-83 [1.21] and ASCE-ACI 
joint committee 426 [1.22] recommended transforming circular section into an equivalent 
rectangular section with effective depth d and effective width bw, while ACI committee 318-
11 [1.23] further specified that the effective depth of equivalent rectangular section be taken 
as 0.8 times of the diameter of original circular section. CEB-FIP model [1.24] and Collins’ 
model [1.25], on the other hand, assumed that the effective depth should be taken as the 
distance between the center of compressed concrete and the center of tensile reinforcing bars. 
Only New Zealand code NZS3101 provided a calculation equation directly applicable to 
circular section [1.26], but the equation only considers the concrete core section rather than 
the gross section, which in fact adopts concept of effective shear area.  
 
The third problem needed to be solved in the current shear strength models is to what extent 
and how the shear-resistance by high-strength transverse reinforcements should be taken 
into account, since the previous numerous tests have shown that the high strength spirals or 
loops may not yield until the end of the tests [1.27]. Based on the previous experimental 
observations by Sun et al. [1.27], Architecture Institute of Japan has recommended an upper 
limit of 700 MPa on the yield strength of transverse reinforcements when calculating the so-
called confinement effect [1.28-1.29]. However, the Japanese guideline [1.28] doesn’t specify 
upper yield strength to the transverse reinforcement when they are used as shear steel. 
 
ACI Committee 318-63 put an initial 520 MPa as the upper limit of the yield strength of 
transverse reinforcements [1.30], this value was assumed to approximately correspond be the 
concrete strain of 0.003 at the extreme compressive fiber of a column section. Since 1971 
American Concrete Institute has upgraded this upper limit to 550 MPa [1.31], which is equal 
to the upper yield strength of circular spirals used to confine concrete columns by Richart et 
al. as early as in 1934 [1.32].   
 
In other design codes, such as AS 3600-2009 of Australia [1.33], CSA A23.3-2004 of Canada 
[1.34], and NZS3101 of New Zealand [1.26], the upper yield strength for transverse steels has 
been assumed to be 500 MPa, nearly equal to the ACI’s value. 
 
As reviewed above, while there have been several suggestions for the upper yield strength of 
shear reinforcement, they are almost derived on the basis of confined concrete columns 
subjected monotonic concentric loading. It needs to be verified if these values are suitable for 
assessing the seismic shear strength of concrete members. 
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1.3 Objectives and Scopes 
 
Based on the above-mentioned backgrounds and reviews of the previous studies, and 
further considering the omni-directionality of circular section and sound confinement effect 
by circular spirals or loops, longitudinally reinforcing circular concrete columns with SBPDN 
reinforcing bars as did in rectangular columns by Sun et al. [1.12-1.13] should be a practical 
and feasible way towards development of resilient concrete structures. 
 
Objectives of this research are to present experimental information on seismic performance 
of resilient circular concrete column, to develop and calibrate a complete seismic shear 
strength model for circular concrete columns, and to ultimately propose a performance-
based design method for the resilient circular concrete columns. These three aspects of the 
study cover all the problems addressed above for practical application of the resilient 
concrete structures in actual constructions. 
 
The concrete contents of the research described in this paper include the following items: 
 
1) Experimental investigation of seismic performance of circular concrete cantilever 
columns reinforced with LBHSRs. These columns are intended to simulate the columns at 
lowest story of high-rise buildings that are expected to seismically respond to strong 
earthquake with the idealistic weak beam-strong column mechanism. Due to the influence of 
high-degree vibration modes, the contra-flexure points in the lowest story columns may go 
beyond the column height, which makes these columns, react to earthquake as a cantilever 
column. 
 
2) Experimental study of seismic performance of circular concrete columns reinforced with 
LBHSRs under double curvature deformation. These columns are to simulate the columns at 
any story of low- and middle-story buildings that are designed to resist strong earthquake 
with the strong beam-weak column mechanism. This mechanism has not been taken as 
favorite one, but been very popular in Japan. If the columns have sufficient resilience, the 
soft story composed of resilient columns can resist the earthquake action just like an isolated 
story. In other words, it is possible to form a resisting story that exhibits higher post-
earthquake performance than the traditional strong column-weak beam mechanism. 
 
3) Development of a reasonable and reliable methodology to evaluate hysteresis behavior 
of circular concrete columns made of high-strength longitudinal reinforcing bars with low 
bond strength, including the LBHSR and the other rebars un-bonded in any way. Due to 
their low bond strength, the LBHSRs tend to slip when the column is laterally deformed to a 
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certain level, which inevitably invokes slippage of the reinforcing rebars, and violates the 
fundamental assumption that a plane of column section remains plane after bending. 
Therefore, to reasonably assess seismic behavior of resilient concrete columns, the analytical 
method should take account of effect of the slippage of the LBHSRs. Furthermore, the 
analytical methodology is also to reasonably and accurately take confinement effect by 
transverse steels into consideration. 
 
4) Proposal of a complete seismic shear strength model for circular concrete columns, 
resilient and ductile. As noted in Fig. 1.1-6, this seismic shear strength is indispensable to 
prevent the resilient and ductile columns from premature failure in shear due to that the 
initial shear strength decreases along with the increasing deformation till below the flexural 
strength. In addition, the model should relate seismic shear strength to the damage degree 
rather than the conventional displacement ductility. 
 
5) Modeling of the hysteresis loop of resilient circular concrete column. Since a resilient 
concrete column is expected to exhibit a real drift-hardening performance at large 
deformation, it can be seismically designed using the performance-based design 
methodology, which has recently gained increasing attention from the structural engineering 
community and recommended in several research works such as ATC-32 [1.35], FEMA 237 
[1.36], and discussed by many researchers [1.37-1.44]. To conduct performance-based seismic 
deign for resilient concrete structures, both the skeleton curve and the unloading and 
reloading rules for the columns, the most important component in a resilient concrete frame, 
have to be modeled. 
 
1.4 Format of the thesis 
 
This thesis consists of seven chapters, each of which deals with one of the above-listed 
research item except for chapters one and seven. Outlines of each chapter are given as 
follows: 
 
Chapter one introduces backgrounds of this research, reviews previous studies in the 
literature, and presents research objectives and concrete research items. 
 
Chapter two deals with experimental investigation of seismic performance of resilient 
circular concrete cantilever columns. A total of eight circular concrete columns with diameter 
of 250mm (1/3 scale) were fabricated and tested under combined reversed cyclic lateral 
loading and constant axial compression. The experimental variables in the tests were the 
shear span ratio of the test columns (2.0 and 3.0), the axial load level expressed in terms of 
axial load ratio (0.33, 0.5), the type of high strength longitudinal bars (normal deformed high 
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strength rebar and SBPDN rebar), the concrete compressive strength (40 MPa and 50 MPa), 
and the transverse confinement method (circular spirals and circular thin steel plate). 
Objective of this experimental work are 1) to verify validity of the use of SBPDN reinforcing 
in making resilient concrete column, 2) to demonstrate advantages of the LBHSR over the 
normal deformed HSR in reducing post-earthquake residual deformation and crack, and in 
keeping drift hardening behavior up to large deformation and 3) to obtain fundamental 
information on effects of the above-mentioned factors on seismic capacities, including the 
seismic drift hardening capacity, the residual deformation, correlation between maximum 
crack width and residual crack width of resilient circular concrete cantilever columns. 
 
Chapter three presents experimental study on seismic performance of resilient circular 
concrete column under double curvature deformation. Four test specimens were made and 
tested under combined reversed cyclic lateral loading and constant axial compression as 
those described in chapter 2. The test columns were 1/3 scale circular columns, having 
diameter of 250mm and clear height of 1000mm, which gives a shear span ratio of 2.0. Each 
column was longitudinally reinforced with eight SBPDN reinforcing bars that give a steel 
ratio of about 2.05%. The concrete had a designed compressive strength of 70 MPa. The 
experimental variables were the axial load ratio and the transverse confinement method. 
Objectives of the tests are 1) to experimentally verify if use of the SBPDN bars can assure the 
same resilience to the circular columns under double curvature deformation as to the 
cantilever columns or not, 2) to address problems concerning with the detailing of the 
SBPDN bars near the contra-flexure point of column, and 3) to get experimental information 
on effects of the fixing detailing and confinement means on the resilience of circular concrete 
column under double curvature deformation. 
 
In chapter four, an integrated analytical method is presented to evaluate hysteretic behavior 
of resilient concrete column. The analysis is based on Finite Spring Method (FSM) aiming at 
reasonable and reliable consideration of effect of the high-strength steel’s slip on hysteresis 
loop, residual deformation, and drift-hardening behavior of resilient concrete columns. In 
this FSM, a concrete member is divided into three regions, which are joint region, potential 
plastic region, and elastic region. The joint and elastic regions will be further divided into 
finite spring elements to simulate the bond-slip action of longitudinal rebars, both LBHSR 
and normal deformed bar. Comparison between the experimental results obtained in the 
tests described in Chapters two and three and the theoretical predictions by the FSM has 
been conducted to verify the analytical method’s validity and accuracy. 
 
Chapter five is intended to propose a complete seismic shear strength model for resilient and 
ductile circular concrete members including columns and beams. The proposed model is a 
tri-linear model defining relationship of shear strength and drift ratio. In this form, the 
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proposed model relates the seismic shear strength to the absolute deformation rather than 
displacement ductility as conventional, and can trace degradation in shear strength of 
concrete members along with damage degree. To verify validity and accuracy of the model, a 
large number of previous test results, which covers a wide variety of structural factors, were 
collected. Details of these previous tests will be also presented in this chapter. 
 
In order to conduct performance-based seismic design of concrete frames with resilient 
circular concrete columns, in Chapter six, capacity curve and hysteresis laws for resilient 
circular concrete columns are developed. The models defining capacity curve as well as 
hysteresis loops are derived through theoretical analysis of overall cyclic behaviors of 
resilient columns. Test results obtained in this study are used to verify validity and accuracy 
of the proposed models. 
 
Chapter seven, the last chapter of this thesis summarizes observations and findings obtained 
in chapter two through chapter six, and presents several future works remaining to be 
addressed. 
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CHAPTER TWO 
 
Seismic Behaviors of Resilient Circular Concrete 
Cantilever Columns  
 
 
2.1 Introduction 
 
Generally, there are two extreme earthquake-resistant mechanisms for concrete frame 
structures, i.e., strong column-week beam and weak column-strong beam mechanisms, as 
shown in Fig. 2.1-1. In the former mechanism, due to influence of higher vibration mode, the 
contra-flexure point of the columns at the lowest story trends to shift from the middle section 
of column to the upper end. As the first step towards the establishment of seismic evaluation 
methodology for the resilient concrete frame made of circular columns, this chapter will deal 
with seismic performance of resilient circular concrete cantilever columns. 
  
Objectives of this chapter are, 1) to verify the effectiveness of SBPDN reinforcing bars in 
assuring concrete sufficient resilience; 2) to clarify the effect of bond strength of HSR on 
overall seismic performance; 3) to obtain fundamental information on seismic properties, 
including hysteretic behavior, energy dissipation performance, residual deformation, 
maximum as well as residual crack width, axial deformation and strain of reinforcements. 
 
Fig. 2.1-1 Representative earthquake-resisting mechanisms for concrete frames 
(a) Strong-column-weak beam (b) Weak-column-strong-beam
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2.2 Experimental program 
 
2.2.1 Outlines 
 
To experimentally investigate the seismic performances of circular concrete columns 
reinforced by LBHSRs, eight circular concrete cantilever columns were fabricated and tested 
under combined constant axial load and reserved cyclic lateral loading. The main 
experimental variables included the type of longitudinal reinforcements, the applied axial 
load level, the shear span ratio, and the transverse confinement method. 
 
As longitudinal reinforcement of the test columns, two kinds of high strength reinforcements 
were used. They are SBPDN and USD bars. The former is noted as SBPDN1275/1420 with 
high yield strength and spiraled grooves on its surface, as shown Fig. 2.2-1(a). The latter is 
high strength deformed bar with normal bond strength, and is named as USD reinforcement 
as shown in Fig. 2.2-1 (b). 
 
The specimens are divided into two series, Fc40 series and Fc50 series, each of which has 
concrete compressive strength of about 40MPa and 50MPa, respectively. The Fc40 series 
included four circular columns reinforced by SBPDN reinforcements, with different shear 
span ratio and applied axial load ratio.  The main variables for the four circular columns of 
Fc50 series were type of longitudinal reinforcement, transverse confinement type and shear 
span ratio (a/D). The outlines of the test columns are listed in Table 2.2-1. 
 
Based on the ratio of the shear strength to the flexural strength (Qsu/Qmu), failure mode of 
each specimen can be divided into two extreme types, failure in shear (Qsu/Qmu<1.0) and 
failure in flexure (Qsu/Qmu>1.0). The ultimate flexure and shear strengths of the test columns 
were calculated by utilizing an equivalent stress block proposed by Sun et al. [2.1] for the 
compressed concrete and a shear strength equation proposed by Sun et al. [2.2], respectively. 
Table 2.2-2 shows the calculated results of all specimens. As obvious from Table 2.2-2, the 
calculated results indicate that all specimens are supposed to fail in flexure. 
 
  
(a) SBPDN reinforcement (LBHSR) (b) USD 685 reinforcement (Deformed HSR) 
Fig. 2.2-1 Longitudinal reinforcement in this study 
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Table 2.2-1 Outlines of the test specimens  
 
 
Table 2.2-2 Calculated flexure and shear strengths 
 
 
2.2.2 Details of the specimens and test set-up 
 
The specimens of Fc40 series were four 1/3-scale circular cantilever columns with diameter 
of 250mm. The details of these test specimens were summarized in Table 2.2-3, while Fig. 2.2-
2 presents the dimensions along with details of reinforcements and instrumentations of the 
representative specimens in this series. Eight SBPDN reinforcements were used as 
longitudinal reinforcements for each column, and uniformly distributed along the perimeter 
of column section with cover concrete of 30mm in thickness. Each SBPDN bar was fixed at 
both ends by means of mechanical anchorage, which comprised a steel plate and nuts as 
shown in Fig. 2-2.2. 
Columns No. a/D
Longitudinal 
rebars
Transverse confinement type n (P/f c 'A g )
RS20N33C40 0.33
RS20N50C40 0.50
RS30N33C40 0.33
RS30N50C40 0.50
RS20N33C50 D6@30, spirals
RS20N33C50SP Steel plate 3.2mm
RS20N33C50USD D6@30, spirals
RS20N33C50SPUSD Steel plate 3.2mm
where, f c ’: Concrete compression strength at testing, a/D and n are shear span ratio  and applied axial 
load level of columns, respectively.P and Ag are applied axial load  and gross section area of columns, 
respectively. 
3
SBPDN 
1275/1420
2
3
2
0.33
USD 685
D6@30, spirals
D6@30, spirals
M calK1 M calK2 M calK3
RS20N33C40 0.33 66 102 ― 205 247 1.20
RS20N50C40 0.5 62 93 ― 187 267 1.43
RS30N33C40 0.33 66 102 ― 137 185 1.35
RS30N50C40 0.5 62 93 ― 124 195 1.57
RS20N33C50 87 ― 107 213 275 1.29
RS20N33C50SP ― ― 155 309 440 1.42
RS20N33C50USD 85 ― 95 127 199 1.57
RS20N33C50SPUSD ― ― 139 186 364 1.96
Q su /Q muna/D
Where, fc': Concrete design compression strength, a/D : shear span ratio of columns.
3
40
60 0.33
2
3
2
f' c
(N/mm
2
)
Columns No.
Flexure
strength
(kN)
Shear
strength
(kN)
Moment (kN.m)
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Table 2.2-3 Details of the test specimens (Fc40 series) 
 
 
Table 2.2-4 Details of the test specimens (Fc50 series) 
 
 
As the transverse reinforcements, normal-strength deformed D6 (SD295A) spirals were used 
with spacing of 30mm. As main variables, the shear span ratios were 2.0 and 3.0, and the 
axial load ratio were 0.33 and 0.5, respectively. The former axial load ratio, 0.33, corresponds 
to the upper limit recommended in the AIJ standard [2.3] for concrete columns under strong 
earthquake.  
 
Similar to the specimens of Fc40 series, the four specimens of Fc50 series were also circular 
columns with diameter of 250mm. Fig. 2.2-3 shows their dimensions, reinforcement details, 
and locations of strain gauges. Table 2.2-4 lists the details of the test columns of Fc50 series. 
All of the test columns were subjected to the constant axial compression with axial load ratio 
of 0.33 during the reversed cyclic lateral loading 
 
Two of these columns whose shear span ratio was 2.0 were reinforced with the SBPDN 
reinforcements of 12.6 mm in diameter, while the others with shear span ratio of 3.0 were 
reinforced by the USD D13 deformed bars. Use of different types of high-strength reinforcing 
bar was to investigate effect of the bond strength of reinforcements on the resilience of 
circular concrete columns. According to the experimental study of bond behavior of high-
strength bars by Funato et al. [2.4], in the normal strength concrete, the USD deformed bar 
had a bond-strength of about 15 N/mm2, but the bond-strength of the SNPDN bar was as 
low as 3.0 N/mm2 on average.  
Area ratio
r g
Spacing
S
Volumatric
ratio r s
(%) (mm) (%)
RS20N33C40 0.33
RS20N50C40 0.50
RS30N33C40 0.33
RS30N50C40 37 0.50
Shear
span
ratio
a/D
Axial
load
ratio
n
Longitudinal
reinforcements
Transverse reinforcements
Type Type
SBPDN
Concrete
compressive
f' c    (N/mm
2
)
36.1
2
2.04 Spirals 30 2.05
3
Columns No.
Area ratio
r g
Volumatric
ratio r w
(%) (%)
RS20N33C50 47.2 2.05
RS20N33C5SP 47.7 5.01
RS20N33C50USD 47 2.05
RS20N33C5SPUSD 46.2 5.01
Transverse reinforcements
Type
Columns No.
Concrete
compressive
f' c    (N/mm
2 )
Shear
span
ratio
a/D
Axial
load
ratio
n
Longitudinal
reinforcements
Spirals
Type
3
0.33
SBPDN
USD
2.04
2.07
Steel plate 3.2mm
Spirals
Steel plate 3.2mm
2
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Fig. 2.2-2 Details of reinforcements and locations of strain gages (Fc40 series) 
 
Besides the shear span ratio, the other experimental variable was the transverse confinement 
method. In each series, one of the column was confined by circular spirals (SD295A, 6mm in 
diameter and spacing of 30mm), and the other confined by thin steel plates (SS400, thickness 
of 3.2mm), as given and shown in Table 2.2-4 and Fig. 2.2-3. The circular steel plates used to 
confine concrete were consisted of two pieces of semi-circular plate connected by bolts and 
nuts as displayed in Fig. 2.2-3(c).  
 
In order for the steel plates not to directly sustain the axial stresses induced by the applied 
axial load and bending moment, clearance of 6mm was provided between the end of plate 
and the top face of stiff loading beam. The confining range by the steel plates was 376 mm, 
which is about one and a half times of the diameter of column section. Outside this range, 
SD295A deformed D6 spirals with spacing of 30 mm were used to confine concrete.  
 
Concrete—Ready-mixed concrete made of Portland cement and coarse aggregates with 
maximum diameter of 20mm was used to fabricate the test columns. The mix proportions of 
concrete are shown in Table 2-2.5 along with measured slumps and air contents. The concrete 
compression strength and the peak strain were determined via tests of three cylinders 
(100x200mm) cured under the same condition as the columns. The compressive strengths of 
the two batches of concrete corresponding to Fc40 series and Fc50 series at 28th day were 
approximately 40N/mm2 and 50N/mm2, respectively.  The peak strains ranged from 0.0023 
to 0.0025, and the Young’s modulus ranged from 28100 to 28800 N/mm2.  
D6@30
spiral steel
8-U12.6
4
5
0
1100
1
5
0
C
Lateral
5
0
0
(7
5
0
)
1
1
0
0
(1
3
5
0
)
Section-C
250
190
30 30
loading
(Unit: mm)
1
2
0
1
2
0
2
4
0
2
5
2
1
5
2
4
0
1
2
0
1
2
0
3
0
Reinforcing bar's gauges
Axial
loading
Spirals' gauges
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(a) Columns RS20N33C50 and RS20N33C50USD 
(Unit: mm)
Lateral
loading
RS20N33C50SP & RS30N33C50SPUSD
3.2mm
steel plate
6@120
6
3
7
0
1
5
0
1100
4
5
0
C2
8-U12.6
(or 8-USD-13)
6@30 hoops
C3
Section-C2
1
1
0
0
(1
3
5
0
)
5
0
0
(7
5
0
)
50
250
30 30
190
AA
B
B
Reinforcing bar's gauges
Spirals' gauges
(b) Columns RS20N33C50SP and RS20N33C50SPUSD 
Fig. 2.2-3 Details of reinforcements and locations of strain gages (Fc50 series) 
 
8-U12.6
(or 8-D13)
Lateral
loading
1
1
0
0
(1
3
5
0
)
D6@30
spiral
C15
0
0
(7
5
0
)
4
5
0
1100
1
5
0
Section-C1
190
250
3030
Reinforcing bar's gauges
Spirals' gauges
Axial
loading
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(c) Assembly of the confining steel plates  
Fig. 2.2-3 (continued) Details of reinforcements and locations of strain gages (Fc50 series) 
 
Table 2.2-5 Details of mix proportion of concretes 
 
 
Steels—Table 2.2-6 shows mechanical properties of the used steels, while Fig. 2.2-4 displays 
the tensile stress-strain curves of them. As shown in Fig. 2.2-4, neither SBPDN nor USD 
exhibits apparent yield plateau in their stress-strain relations. The yielding strengths of them 
were determined as a 0.2% offset yielding strength.  
 
The test apparatus are shown in Fig. 2.2-5 along with measurement instrumentation. The 
lateral loading was applied at the tip of the columns 500mm or 750mm away from the 
loading stub according to its shear span ratio, and was controlled by the drift ratio (R=L) of 
column, where is the lateral displacement measured by a Linear Variable Differential 
Transformer (LVDT), and L is the length of shear span. The loading capacity of the hydraulic 
jack to apply lateral force was 300kN, while the constant axial compression applied using a 
1000kN hydraulic jack fixed to the loading frame through a roller. Axial and lateral loadings 
were controlled by two independent loading systems, respectively. 
 
 
4
6
2
4
250
50
3
7
0
Section A-A Section B-B
50
250
LE1,LW1
TE1,TW1
TE2,TW2
TE3,TW3
6
Stub
Column
Part  C3
Steel plate
Slump Air content
1 2 1 2 3 mm %
Fc40 0.5 376 188 476 330 357 267 274 3.76 188 3.6
Fc50 0.38 474 180 426 295 367 275 282 4.74 173 3.4
Construction test 
Series
Various materials amount(kg/m3)
Water
Coarse aggragatesFine aggregate
w/c
ratio Cemnet Additives
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Table 2.2-6 Properties of longitudinal and transverse reinforcements, steel plates 
 
f y ey f u y E s
(N/mm2) (%) (N/mm2) (%) (N/mm2)
No.1 1436 0.88 1505 － 210217
No.2 1437 0.87 1506 10 213932
No.3 1446 0.88 1523 － 212661
No.4 1437 0.86 1510 － 216725
No.5 1418 0.87 1517 9.5 211916
Average 1435 0.87 1512 9.8 213090
No.1 1393 0.85 1491 － 212940
No.2 1386 0.87 1482 － 208401
No.3 1390 0.86 1486 － 209916
Average 1390 0.86 1486 － 210419
No.1 977 0.74 1058 － 182098
No.2 979 0.74 1041 9.4 181973
No.3 949 0.72 1011 － 181005
Average 968 0.73 1037 9.4 181692
f y ey f u y E s
(N/mm2) (%) (N/mm2) (%) (N/mm2)
No.1 300 0.37 499 25.1 171912
No.2 316 0.38 510 24 172589
No.3 317 0.38 517 27.5 173769
No.4 316 0.35 505 23.1 205559
No.5 305 0.35 510 28.1 200714
Average 311 0.37 508 25.5 184909
No.1 331 0.37 528 － 195469
No.2 324 0.37 522 － 193565
No.3 328 0.37 528 － 187872
Average 328 0.37 526 － 192302
No.1 298 0.36 464 36.2 183487
No.2 296 0.35 463 35.9 192648
No.3 298 0.36 465 37.5 191056
Average 298 0.36 464 36.5 189064
Where, f y: 0.2% offset yield strength of reinforcements, f u: ultimate strength of steel rebars, ey：the
strain corresponding to f y ,y : elongation ratio of reinforcement, E s:modulus of elasticity of steel rebars.
Fc50
SD295A
SS400
Transverse reinofrcements and steel plate
Longitudinal reinofrcements
Fc40 SD295A
Type
SBPDN
Series Test No.
Fc40
USD685
Fc50
SBPDN
Series Type Test No.
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Fig. 2.2-4 Stress-strain curves of the used steels  
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Fig. 2.2-5 Test set-up 
 
 
Fig. 2.2-6 Loading program for lateral force 
 
As shown in Fig. 2.2-6, the reversed cyclic lateral loading was applied after the constant axial 
load reached the target level. For looking for the first flexure crack, the lateral loading was 
initially force-controlled before reaching drift ratio of 0.25%. After then, at each amplitude of 
drift ratio (0.25%, 0.5%, 0.75%, 1%, 1.5%, and 2%) the lateral force was repeated twice. From 
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drift ratio of 2.5% on, only one cycle of lateral loading was repeated at each drift ratio 
amplitude until 5% with increment of 0.5%.  
 
The lateral displacement of column was measured by a linear variable differential 
transformer (LVDT), located at the loading point, noted as ❶ in Fig. 2.2-7 for the columns 
with shear span ratio of 2.0. Axial displacements were measured using three LVDTs, of 
which twos noted as ❷ were to measure the displacement within 1.0D end region of column, 
and the other noted as ❸ was to measure overall axial displacement. Besides, at height=2.4D 
(600 mm from stub), south of section, a LVDT was set for measuring and ensuring axial 
strains, as shown as LVDT❸. For the columns with shear span ratio of 3.0, their 
measurement instrumentation can be found in Fig. 2.2-7. 
 
 
Fig. 2.2-7 Locations of LVDTs in the columns 
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(a)RS20N33C40, RS20N50C40, RS20N33C50 
(b) RS30N33C40, RS30N50C40, 
RS30N33C50USD 
 
 
(c) RS20N33C50SP (b) RS30N33C50SPUSD 
Fig. 2.2-8 Locations of strain gauges in longitudinal and transverse reinforcements 
 
To trace and investigate the strains of the used steels, for the columns with shear span ratio 
of 2.0 and 3.0, ten or twelve electrical strain gauges were embedded on the surface of two 
longitudinal reinforcing bars, respectively. Fig. 2.2-8 shows locations of these gages. Besides, 
strain gages were also used to measure strains in spirals and steel plates. Details about these 
measurements are shown in Fig. 2.2-8.  Overall view of loadings is shown in Fig. 2.2-9.  
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Fig. 2.2-9 Overall view of loadings  
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2.3 Test results and observations 
 
2.3.1 Observed behaviors  
 
Key experimental observations will be described in terms of relationships between the drift 
ratio and several critical phenomena such as occurrence of flexure crack, flexure-shear crack, 
commencement of spalling of concrete shell as shown in Fig. 2.3-1, which summarizes the 
key experimental observations for the test columns of Fc40 series.  
 
 
Fig. 2.3-1 Key experimental observations of the test columns (Fc40 series) 
 
For the column RS20N33C40, flexure crack was first confirmed at the section 5 mm away 
from the loading stub when the lateral force was 60kN in the push direction and the drift 
ratio was 0.14%, while in the pull direction the first flexural crack was observed at the section 
25 mm away from the loading stub when the lateral force was -50kN and the drift ratio was -
0.11%. These initial flexural cracks expanded along with lateral displacement and triggered 
the flexure-shear cracks at the drift ratio of 0.75%, where subtle flaking of cover concrete was 
confirmed. As the drift ratio reached 1.5%, the cover concrete began apparent spalling off 
with the maximum width of cracks reaching 1.0 mm. From the drift ratio of 2%, although 
spalling off of the cover concrete became more and more significant, the test column 
remained its drift ratio hardening behavior until 3.5% without degradation in lateral 
resistance as one can see in its hysteretic performance shown later. The test was terminated 
at drift ratio of 3.5% due to misinterpretation of measured lateral displacement. All apparent 
cracks and spalling of the cover concrete concentrated within the 0.6D (150mm) end region of 
the column.   
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In the test column RS20N50C40, the key experimental observations were observed at the 
nearly same drift ratios as the specimen RS20N33C40 in spite of the higher axial compression. 
The first flexural crack was confirmed at the section 60 mm away from the loading stub at 
the drift ratio of 0.23% in the push direction, while in the pull direction some initial flexure 
cracks were simultaneously found at the portion ranging 40-130 mm away from the loading 
stub at the drift ratio of -0.25%. The other key drift ratios can be seen from Fig. 2.3-1. This 
column had been deformed up to large drift ratio of 5%. At the end of test, all damages 
concentrated within the 0.6D (150mm) end region as the specimen RS20N33C40. 
 
For the columns with shear span ratio of 3.0, their key experimental observations can be read 
from Fig. 2.3-1 and don’t need to be mentioned here. The column RS30N33C40 with axial 
load ratio of 0.33 was laterally loaded up to drift ratio of 6% without significant degradation 
in its lateral resistance. Damages concentrated within 1.0D (250mm) end region of the 
column. The longer damaged region in this column than in the column RS20N33C40 can be 
attributed to the longer shear span. The column RS30N50C40 with axial load ratio of 0.5 was 
also laterally loaded up to drift ratio of 6% without significant degradation in its lateral 
resistance regardless of its much higher axial compression and longer shear span. The length 
of damaged portion of this column didn’t exceed 1.0D (250mm).   
 
It seems from Fig. 2.3-1 that the higher the axial load ratio, the smaller the drift ratio where 
spalling off of concrete shell commenced. The recorded drift ratios at which concrete cover 
commenced spalling ranged between drift ratios of 1% and 2%. 
 
 
Fig. 2.3-2 Key experimental observations of the test columns (Fc50 series) 
 
Fig. 2.3-2 shows key experimental observations of two specimens of Fc50 series. These two 
specimens, RC20N33C50 and RS30N33C50USD, were confined by common spirals.  
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For these two specimens, the flexural crack was first seen by naked eyes at the section 35-45 
mm away from the loading stub at the drift ratios of 0.16% and 0.21%, respectively, while the 
flexure-shear crack was observed at the drift ratios of 0.75% and 1%, respectively. The cover 
concrete in both specimens began to spall off as drift ratio R reached 0.015. The flexure-shear 
cracks extended into concrete core at the drift ratio of 4% for specimen RC20N33C50, but 
didn’t cause degradation in lateral resistance of the column until R=5%. As compared with 
the specimen RC20N33C50 reinforced with SBPDN bars, the specimen RC30N33C50USD, 
which was reinforced by USD bars, exhibited different behaviors from the drift ratio of 3%.  
On yielding of the USD bars at extreme tensile side of the critical section of column, the 
flexure-shear cracks expanded wider and wider along with the drift ratio and degradation in 
lateral resistance commenced. The degradation in lateral resistance, however, was not sharp, 
and the column still exhibited very ductile behavior up to drift ratio of 6%. 
 
For the two columns confined by circular steel plates, only very subtle flexural cracks were 
observed by removing the steel plates after the tests. These subtle cracks concentrated within 
50-150 mm end regions of the columns. As shown in Fig. 2.3-3, outside the portion confined 
by steel plates, few flexural cracks, in any, could be confirmed by naked eyes on the surface 
of the columns during the whole process of cyclic loadings.  
 
  
(a) (b) 
Fig. 2.3-3 Cracks on the surface of columns confined by steel plates  
 
2.3.2 Hysteretic behaviors  
 
Fig. 2.3-4 and Fig. 2.3-5 show experimentally measured cyclic lateral force V versus drift ratio 
R relationships of specimens of Fc40 series and of Fc50 series, respectively. The solid 
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diamonds superimposed in Fig. 2.3-4 and Fig. 2.3-5 express the peak points in the measured 
hysteretic curves, while the dotted lines represent the P-effect of the axial compression on 
the lateral resistance.  
 
Table 2.3-1 summarizes the primary test results of all specimens, including actual strength of 
concrete cylinder at the stage of tests, axial compression (P), peak lateral forces in both push 
and pull directions  (Vmax  and Vmin) and their average (Vave), along with three corresponding 
drift ratios (Rmax ,Rmin and Rave), respectively. The term Mexp in the last column of Table 2.3-1 
represents the measured maximum moment of each specimen, and is computed as follow. 
 PaVMexp                                                                                                           (2.3-1) 
where, V is the lateral force, a is the shear span, and is the lateral displacement. 
 
Table 2.3-1 Primary results of all test columns 
 
 
Specimens RS20N33C40 and RS20N50C40 exhibited apparent drift-hardening behavior up to 
large deformation. The lateral loading of specimen RS20N33C40 was prematurely terminated 
at drift ratio of 3% because of disorder of the LVDTs to measure the lateral displacement. The 
specimen RS20N50C40, whose axial load ratio was one and half times of the upper limit 
recommended in the current AIJ standard, showed a little decrease in lateral resistance at 
drift ratio of 2% in the pull direction due to significant spalling of the cover concrete, but its 
lateral resistance increased again from that drift ratio along with deformation due to stably 
increasing resistance by the SBPDN bars. Considering the level of axial compression, it can 
be said that the use of SBPDN bars is really an effective and simple way to assure resilience 
to circular concrete columns in high rise buildings located in strong earthquake-prone 
regions.  
 
 
 
f c ' P V max V min V ave Mexp
(N/mm
2
) (kN) (kN) (kN) (kN) (kNm)
RS20N33C40
* 36.1 585 179.7* 3.51* -161.1* -3.01* 170.4* 3.26* 94.7*
RS20N50C40 36.1 886 192.1 4.95 -175.1 -5.01 183.6 4.98 113.9
RS30N33C40 36.1 585 113.4 5.01 -102.1 -4.96 107.7 4.96 102.7
RS30N50C40 37 909 101.2 1.46 -92.2 -1.45 96.7 1.46 104.2
RS20N33C50 47.2 764 188.9 4.9 -196.9 -5 192.9 4.95 115.4
RS20N33C50SP 47.7 772 241.6 4.97 -236.8 -4.95 239.2 4.96 138.7
RS30N33C50USD 47 744 126.8 2.97 -127 -3.01 126.9 2.99 112.4
RS30N33C50SPUSD 46.2 749 150.8 2.96 -150.6 -3 150.7 2.98 132.9
Columns No. R max R min R avea/D
2
3
2
3
where, experimental values of column with * are reference value, test was interrupted when sudden  accident.
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Fig. 2.3-4 Experimental lateral force–drift ratio relationships of the specimens of Fc40 series 
 
In addition to the drift-hardening behavior, the residual drift ratios measured in these two 
specimens were limited to about one-tenth of the corresponding peak drift ratios till R 
reached 3%, and obvious self-centering behavior can be seen from Fig. 2.3-4.  
 
For the specimen RS30N33C40 with shear span was 3.0, one can see apparent drift hardening 
behavior up to drift ratio of 5% and self-centering performance till R=3% from Fig. 2.3-4. In 
the specimen RS30N50C40, while the drift-hardening behavior terminated at drift ratio 0.015 
due to severe spalling of the cover concrete, the lateral resistance maintained over 97% of the 
maximum load-carrying capacity at R=5%, and the decrement in lateral resistance along with 
lateral displacement was much less than that by the P-effect in spite of its high axial ratio 
and long shear span. 
 
For the test columns of Fc50 series, the measured hysteretic curves shown in Fig. 2.3-5 
indicated that the use of SBPDN bars could assure very high resilience to concrete columns 
up to drift ratio of 5%, with apparent drift-hardening and self-centering behaviors.  
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Fig. 2.3-5 Experimental lateral force – drift ratio relationships of the specimens of Fc50 series 
 
Furthermore, by comparing test results of specimens RC20N33C50 and RC20N33C50SP, one 
can see that confining concrete by thin steel plates in lieu of conventional spirals is very 
effective in further enhancing not only resilience but also lateral-resistance at larger 
deformation. Since the steel plates can also be used as form work for concrete column, 
simultaneous uses of the SBPDN bar longitudinal reinforcement and the thin steel plates as 
transverse reinforcement can open an easy way to the resilient concrete members and 
structures. 
 
On the other hand, for the specimens RC20N33C50USD and RC20N33C50SPUSD, both of 
which were reinforced by USD reinforcing bars, the drift-hardening behavior was observed 
till the drift ratio of 3%, exhibiting higher initial stiffness and lateral resistance than those of 
specimens with SBPDN bars. At that drift ratio, the USD longitudinal bars at extreme tensile 
fiber of the end column section reached their yielding strength, resulting decrease in lateral 
resistance of the column at larger deformation. While the degradation gradient in the lateral 
-300
-200
-100
0
100
200
300
-6 -4 -2 0 2 4 6
L
a
te
ra
l 
fo
rc
e
 (
k
N
)
Dirft ratio (%)
RS30N33C50SPUSD
-300
-200
-100
0
100
200
300
-6 -4 -2 0 2 4 6
L
a
te
ra
l 
fo
rc
e
(k
N
)
Dirft ratio (%)
RS20N33C50SP
P-∆ effect
-5.0, -196.9
-300
-200
-100
0
100
200
300
-6 -4 -2 0 2 4 6
L
a
te
ra
l 
fo
rc
e
 (
k
N
)
Dirft ratio (%)
RS20N33C50
-300
-200
-100
0
100
200
300
-6 -4 -2 0 2 4 6
L
a
te
ra
l 
fo
rc
e
(k
N
)
Dirft ratio (%)
P-∆ effect
RS30N33C50USD
2-20 
 
resistance was much less than that by the P- secondary moment, the residual drift ratio 
commenced sharp increment from that drift ratio on. 
 
 
 
Fig. 2.3-6 Representative measured strains of longitudinal reinforcements 
 
Fig. 2.3-6 shows representative strains of the longitudinal bars measured at both extreme 
sides of column section. The notations “east” and “west” represent the initial tensile and 
compressive sides, respectively, and the numerical values express the distance between the 
measured section and the face of loading stub. The dotted horizontal lines mean the yield 
strain of respective reinforcement. 
 
It is obvious from Fig. 2.3-6 that as compared with the SBPDN bars, which didn’t yield until 
R=5%, the USD bars, tensile and compressive, reached their yielding strain at drift ratio of 
3%. From Fig. 2.3-5 and Fig. 2.3-6, one can see that delaying the yielding of longitudinal 
reinforcements is a smart and effective method to make resilient concrete members. 
 
To better understand the effect of each experimental variable on overall seismic performance 
of the resilient circular concrete column, envelope curves of hysteretic loops are compared in 
Fig. 2.3-7 through Fig. 2.3-10. Each envelop curve shown in these figures represents the 
average of the envelope curves in push and pull direction. 
 
Fig. 2.3-7 shows effect of axial load level.  As apparent from Fig. 2.3-7, the higher the axial 
load ratio, the initial stiffness and the early lateral resistance the larger regardless of the shear 
span ratio. For the specimens with shear span ratio of 2.0, high axial compression didn’t 
induce degradation in lateral resistance at large deformation because the stable increment of 
lateral resistance by the SBPDN bars did compensate the decrease in lateral resistance not 
only by the P-effect but also by the spalling off of cover concrete. 
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Fig. 2.3-7 Effect of axial load ratio  
 
 
Fig. 2.3-8 Effect of concrete compressive strength 
 
It can be seen from Fig. 2.3-8 that the higher compressive strength of concrete didn’t provoke 
sharper degradation in lateral resistance at large deformation if the axial load ratio was less 
than 0.33, which might be contributed to the confinement effect by circular spirals.  
 
As shown in Fig. 2.3-9, the confinement of steel plates not only enhances the resilience of 
column, but also increases the lateral load-carrying capacity along with significantly. As 
compared with the columns confined by conventional spirals, the columns confined by steel 
plates exhibited higher lateral resistance by 10% at the drift ratio of 1%, and the increment 
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ratio in lateral resistance was beyond 20% from the drift ratios of 2% and 2.5% on for the 
specimens with shear span ratio of 2.0 and those with shear span ratio of 3.0, respectively. 
The steel plates confined all concrete and avoided the drop in lateral resistance provoked by 
spalling off of the cover concrete.  
 
 
Fig. 2.3-9 Effect of transverse confinement method 
 
 
 
Fig. 2.3-10 Effect of type of longitudinal bars 
 
Fig. 2.3-10 shows effect of type of the longitudinal bars on overall seismic performance of 
resilient circular columns. Because the pairs of specimens compared had different shear span 
ratio, comparisons were conducted in terms of the moment at the end section versus drift 
ratio envelope curves rather than the V-R envelope curves.  
 
It is obvious from Fig. 2.3-10 that the use of USD high strength reinforcing bars could 
develop the lateral resistance by longitudinal bars at earlier stage than the SBPDN bars, 
which led to earlier high lateral resistance. This can be attributed to high bond-strengths of 
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the USD bars, whose bond strength were 15 N/mm2 and were about five times of that of the 
SBPDN bars. On the other hand, the higher bond-strength resulted in earlier yielding of USD 
bars and the reverse of descending of lateral resistance of the column at larger drift ratio. The 
lateral resistance of the columns reinforced by SBPDN bars went steadily up along with 
deformation till R reached 5% and larger.  
 
 
Fig. 2.3-11 Examples of the measured axial deformation 
 
2.3.3 Axial deformation 
 
Fig. 2.3-11 shows examples of the axial deformation measured in three specimens 
RS30N33C40, RS30N50C40 and RS30N33C50USD. In Fig. 2.3-11, 1 and 2 represent the 
axial deformation over 1.0D end region and over 2.0D region, respectively. The differences 
between the two measured axial deformations, i.e., 2-1, express the axial deformation 
developed out of the 1.0D end region, which usually corresponds to the so-called plastic 
hinge zone. Here, just axial displacement development before drift ratio of 2% was presented 
in column RS30N33C50USD, since larger spalling of concrete cover occurred in it. 
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Results shown in Fig. 2.3-11 indicated that the axial deformation almost concentrated within 
the 1.0D end region of the column with SBPDN bars, regardless of applied axial load level. 
But for the specimen with USD bars, the axial deformation was also significantly observed 
out of the 1.0D end region, which implies that the use of USD bars might extend the damage 
over wider region than SNPDN bars.   
 
2.3.4 Maximum and residual crack widths and residual drift ratio 
 
It is well known that crack width is one of the most important indicators to measure the 
damage degree and reparability of a concrete member subjected to strong earthquakes. Fig. 
2.3-12 shows maximum crack widths and corresponding residual crack widths measured at 
each amplitude of target drift ratio till R reached 2%, after which the cover concrete in 
specimens confined conventional spirals became so severe that crack width had lost any 
practical meaning in dominating the damage degree.  In Fig. 2.3-12, several horizontal lines 
are superimposed to represent the reparability limit and serviceability limit recommended in 
the AIJ guidelines [1.28], the ACI 318-11 code [1.23], and The Chinese GB 50010-2010 [2.5] for 
the residual crack width of concrete members. The reparability limit in the AIJ guideline is 
1.0mm, while the serviceability limits by the AIJ guideline, the ACI code, and the Chinese GB 
are 0.2mm, 0.4mm, and 0.3mm, respectively.  
 
One can see from Fig. 2.3-12 that the use of SBPDN could reduce the residual crack width of 
circular concrete column to the level much less than the reparability limit in spite of the high 
axial load ratio if the lateral seismic loading applied to the column was unloaded at drift 
ratio less than or equal to 2%. For the columns with axial load ratio of 0.33, the residual crack 
width was less than the serviceability limit, which implies that these circular concrete 
columns do not need any repairing at the extreme case if earthquake does not shake and 
deform the columns laterally beyond 2%.  
 
Residual drift ratio is not only another important indicator for assessing the reparability, but 
an indispensable index of resilience. A less residual drift ratio means stronger self-centering 
feature. Fig. 2.3-13 shows the measured residual drift ratios corresponding to each target 
drift ratio of all specimens. The experimental results represent the average of residual drift 
ratios in both directions. 
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Fig. 2.3-12 Measured maximum and residual crack widths 
 
For the columns with axial load ratio of 0.33, use of the SBPDN reinforcing bars could kept 
the residual drift ratios to one-tenth of the corresponding amplitude of drift ratio until the 
drift ratio reaches 3%, which is one and a half of the so-called safety limit of drift ratio 
recommended in most of the current seismic design codes world widely. The higher axial 
load ratio and longer shear span both led to larger residual drift ratio, but use of the SBPDN 
bars could control the residual drift ratio below one-fifth of the experienced peak drift ratio 
and significantly enhanced reparability of circular concrete columns.  
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Fig. 2.3-13 Measured residual drift ratios 
 
The use of USD high-strength bars, which has high bond-strength, could reduce the residual 
drift ratio to one-tenth of the experienced peak drift ratio if the column had axial load ratio of 
0.33 and simultaneously was laterally unloaded at drift ratio less than 2.5%. From then on, 
the yielding of longitudinal bars due to high bond-strength resulted in abrupt increase in 
residual drift ratio as shown in Fig. 2.3-13, reducing resilience at larger deformation.  
 
One can also notice from Fig. 2.3-13 that confinement by steel plates was also effective in 
reducing the residual deformation, while this effect was not apparent until the drift ratio 
went beyond 2%. Comparing results of the specimens with USD bars and those with SBPDN 
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bars, one can see that the yielding of longitudinal bars plays much more important role in 
increase of residual deformation than the spalling off of the cover concrete. 
 
2.3.5 Energy dissipation capacity  
 
To evaluate the energy dissipation capacity of the test columns, equivalent viscous damping 
coefficient heq proposed by Jacobsen [2.6] was calculated and compared in this sub-section, 
since heq has been widely used to assess the energy-dissipating capacity of concrete members. 
Definition of heq is shown in Fig. 2.3-14. Fig. 2.3-15 shows the measured equivalent viscous 
damping ratios for all test columns. The test results are plotted in two pictures, which 
correspond to specimens of Fc40 series and those of Fc50 series, respectively. 
 
 
Fig. 2.3-14 Definition of equivalent viscous damping ratio 
 
For the specimens of Fc40 series, all exhibited stable and nearly constant equivalent viscous 
damping ratio varying between 0.07 and 0.10 till drift ratio of 4%, which implies that these 
columns performed in a nonlinear elastic manner under cyclic seismic loading. Although the 
higher axial load resulted in larger equivalent viscous damping ratio, the increment was so 
little as not to be taken into consideration in designing.  
 
For the specimens of Fc50 series, the experimental results indicated that the average 
equivalent viscous damping ratios was constant till R reached 3% and had a value of 0.08 
while there was some difference among the specimens with different experimental factors. 
The specimens with SBPDN reinforcing bars maintained this constant value for equivalent 
viscous damping ratio till the end of tests with R=5%. On the other hand, abrupt increase in 
equivalent viscous damping ratio was measured from the drift ratio of 3% on for the 
Deformation
L
a
te
ra
l 
F
o
rc
e
O
A
B
C
D
W
)(
2
4
1
21 ee
eq
WW
W
h



We2
We1
2-28 
 
specimens reinforced by USD bars. The abrupt change coincided with the degradation in 
lateral resistance, since both of them were caused by the same source, the yielding of USD 
bars at the drift ratio of 3%. This fact implies again that the yielding of the longitudinal bars 
plays fundamental role in seismic behavior and resilience of concrete members. In other 
words, how to prevent or delay the yielding of longitudinal reinforcements in concrete 
columns is the key to open the way towards resilient concrete members.  
 
 
 
Fig. 2.3-15 Measured equivalent viscous damping coefficients  
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Fig. 2.3-16 Examples of strain distributions of SBPDN bars 
 
2.3.6 Strains of longitudinal reinforcements and steel plates 
 
Fig. 2.3-16 shows examples of the distributions of measured strains of longitudinal bars 
located at initial tensile side along the column height. The strains shown in Fig. 2.3-16 were 
measured at several controlling drift ratios. The vertical dotted lines superimposed in Fig. 
2.3-16 represent the strains corresponding to the yield stress of each type of longitudinal bar. 
And the zero position means the upper surface of the loading stub. 
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The SBPDN bars didn’t yield until the end of testing. From the strain distribution along the 
column height, one can see that the steel strains within the 1.0D end region exhibited nearly 
same values from drift ratio of 1%, which means that the bond-stress in surrounding 
concrete was very low. Confinement method didn’t influence the measured steel strains as 
well as their distribution along the column height. 
 
 
Fig. 2.3-17 Measured strains of transverse reinforcements 
 
On the other hand, the steel strains of USD bars showed large gradient along the column 
height, in particular within the 1.0D end region of the test columns. High bond-strength of 
USD bar obviously induced large bond stress in surrounding concrete, resulting much earlier 
yielding of longitudinal USD bars than SBPDN bars.  
 
Fig. 2.3-17 shows examples of the measured hoop strains of circular spirals at the levels 
30mm and 150mm away from the loading stub. Only measured strains of two specimens 
with different type of longitudinal bars are displayed in Fig. 2.3-17 since the test results in 
the other specimens are identical with them. The notations of “East” and “West” represent 
the initial tensile and compressive sides, respectively. 
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It is obvious from Fig. 2.3-17 that the measured hoop strains of spirals in specimens with 
SBPDN bars didn’t reach the yield strain until the end of loadings, and were much less than 
those in specimens reinforced by USD bars. This observation implies that the use of high 
bond-strength longitudinal bars causes larger bond stress in surrounding concrete and more 
severe damage simultaneously.  
 
Fig. 2.3-18 shows examples of relationships between measured strains of steel plate and drift 
ratio. As described previously, strains on the surface of steel plate had been measured with 
bi-axial strain gages. It is apparent from Fig. 2.3-18 that the circumferential strain measured 
at the lower end of steel plate was much larger than the axial strain, which implies that the 
steel plate does work as lateral confiner as expected. Large circumferential strain was 
observed at the upper end of steel plate, 366mm away from the loading stub, but it could be 
attributed to the rotation of column, which tends to bend the core concrete out and press the 
steel plate.  
 
 
Fig. 2.3-18 Examples of strains of steel plates 
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2.4 Conclusions 
 
Form the experimental investigation and observations described in this chapter, as to the 
seismic properties of concrete circular cantilever columns reinforced by HSRs, the following 
conclusions can be drawn. 
 
(1) When longitudinally reinforced by SBPDN bars, circular concrete columns with shear 
span ratio of 2.0 exhibited apparent drift-hardening and self-centering behaviors until 
drift ratio of 5%, the residual drift ratio being controlled to one-tenth of the experienced 
peak drift ratio till R=4%. For columns with shear span ratio of 3.0, the same drift-
hardening and self-centering behaviors could be expected till R=2%. Considering the 
high level of axial compression with axial load ratio of 0.5, it can be said that the use of 
SBPDN bars does open an effective and easy way to development and application of 
resilient circular concrete columns into high rise buildings located in strong earthquake-
prone regions. 
 
(2) The use of USD bars could also assure sufficient resilience to circular concrete columns, 
and enhancing early lateral resistance of the columns. On the other hand, high bond-
strength of USD bar provoked larger stress in the surrounding concrete and the steel 
itself, which resulted in earlier yielding of longitudinal bars and lose of drift-hardening 
behavior at larger deformation.  
 
(3) Confinement by thin steel plates could provide concrete columns higher resilience than 
confinement by conventional spirals since the steel plates does not produce cover 
concrete, spalling off of which at large deformation would increase actual axial load ratio 
for the concrete core and trigger steeper degradation in lateral resistance of the columns 
along with deformation. 
 
(4) Residual drift ratios of the circular concrete columns with SBPDN bars were kept to 10% 
of the experienced maximum drift ratio till the drift ratio reached 3%. In addition, 
equivalent viscous damping ratios of the columns with SBPDN bars exhibited a constant 
value varying between 0.08 to 0.10 till R=5%. For the columns with USD bars, however, 
both residual drift ratios and equivalent viscous damping ratios sharply increased from 
drift ratio of 3%, where the longitudinal USD bars commenced yielding. 
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CHAPTER THREE 
 
 Seismic Behaviors of Resilient Circular Concrete 
Columns under Double Curvature Deformation 
 
 
3.1 Introduction 
 
The strong beam-weak column concrete or steel structures have been the favorite earthquake-
resistant system for the recent couple of decades in most of earthquake-prone countries. 
However, the lessons learnt from recent Mega-earthquakes such as the 1-17 Kobe earthquake 
(1995) in Japan and the Sichuan earthquake (2008) have disclosed some problems inherent in 
strong beam-weak column concrete structures. The first problem is that this type of structures 
can survive designed earthquake but may leave severe damage to structural members, beams 
and columns. In some cases, the damage may be too severe to be repaired after earthquakes. 
Another problem is that it is hard to assure realization of the strong beam-weak column 
resistant mechanism as designed because of lack of understanding and effective measures to 
take account of the effects of several structural factors on the ultimate capacity of concrete 
beams such as the rigid concrete slab, the over-strength of materials, and the potential axial 
force in the beams. 
 
To solve these problems concerning with the traditional strong beam-weak column concrete 
structures, since 1960, several researchers [3.1-3.3] have recommended the use of strong 
column-weak beam structure system in buildings located in seismic regions, if the columns at 
each story of buildings have sufficient ductility.  
 
In light of the test results described in chapter two, if concrete columns have been assured 
sufficient resilience, each story can resist vibration caused by earthquakes like a nonlinear 
elastic spring, returning almost to its original position without repairing after hit by a design 
earthquake, and leaving only reparable damages after hit by an over-design earthquake. In 
other words, a story consists of resilient concrete columns will respond to earthquakes as an 
isolator, and this “concrete isolator story” will significantly reduce construction and repairing 
costs as compared with current isolating system. The prerequisite for the “concrete isolator 
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story” is definitely how to assure the same resilience to the concrete columns under double 
curvature deformation as the cantilever columns described in chapter two. 
 
Objectives of this chapter are to verify if the use of SBPDN bars can assure sufficient 
resilience to circular concrete columns under double curvature deformation, to present basic 
information about seismic performance of double curvature-deformed columns, and to fix 
the detailing of fixation of SBPDN bars at the contra-flexure section of columns. 
 
3.2  Experimental program 
 
3.2.1 Outlines  
 
Considering that the effective area and lateral stiffness of circular sections are lower than 
those of square or rectangular sections with the same dimension, experimental investigation 
will concentrate on the columns made of high-strength concrete with designed compressive 
strength of over 60 N/mm2 to compensate these shortcomings. The compressive strength of 
60 N/mm2 represents the upper limit of concrete strength addressed in the current Japanese 
design standard [2.3]. 
 
Four circular concrete columns with diameter of 250mm were fabricated and tested under 
reversed cyclic lateral loading while subjected to constant compression. Each column had 
shear span ratio of 2.0, which is typical of columns in general high-rise buildings to fail with 
strong beam-weak column mechanism, and reinforced by eight SBPDN1275/1420 bars, 
giving a steel ratio of 2.0%. The main experimental variables were the axial load ratio and the 
transverse confinement methods, confinement by conventional spirals or by thin steel plates.  
 
3.2.2 Details of the specimens and test set-up 
 
Table 3.2-1 shows outlines of the test specimens, and Fig. 3.2-1 and Fig. 3.2-2 display 
dimension and reinforcement details of the specimens transversely confined by spirals and 
those confined by thin steel plates, respectively. As shown in these table and figures, 
longitudinal reinforcing bars comprised eight SBPDN bars (12.6mm in diameter). Among the 
four specimens, two were confined by spirals having spacing of 30mm to give a volumetric 
ratio of 2.05% to the concrete core measured between the centroids of spirals. The spirals used 
were normal strength SD295 deformed bar D6 with nominal diameter of 6.4mm. The other 
two specimens were confined by thin steel plates with thicknesses of 1.6mm and 3.2mm to 
give transverse steel ratios of 2.60% and 5.1%, respectively. Clearances of 6mm were 
provided between the ends of steel plates and the upper and lower loading stubs to assure 
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190 30
250
that the steel plates only confine concrete rather than directly sustain the axial stresses 
induced by applied axial compression as well as bending moment. The used steel plates are 
SS400 steel, and had been formed by at first bending two pieces of flat plates into semi-
circular, and then connecting them by bolts. (See Fig. 3.2-3)  
 
Table 3.2-1 Outlines of the test specimens 
 
 
 
 
Fig. 3.2-1 Reinforcement details and dimensions of the specimens confined by spirals 
Type r s(or D/t )
DRS20N15C70 73.8 0.15
DRS20N33C70 69.7 0.33
DRS20N33C70SP16 72.7 2.6%(158.3) 0.33
DRS30N33C70SP32 72.7 5.1% (80.1) 0.33
nColumns No. a/D
f c '
(N/mm
2
)
Longitudinal
rebars-number
(ratio)
Transverse spiral or steel plate
Where, f c ’ : Concrete compression strength at testing, a/D : Shear span ratio of columns,  r s : Volumetric ratio of
transverse reinforcement, n is axial load level, D/t : Ratio of diameter/thickness of steel plate.
SBPDN
1275/1420－8
(2.04%) Steel plate
D6@30, Spirals 2.05%
2
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Fig. 3.2-2 Reinforcement details and dimensions of the specimens confined by steel plates 
 
 
 
Photo 3.2-1 Mechanical anchorage of SBPDN bars 
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As one can see from Fig. 3.2-2, the SD295 spirals were also used in the specimens confined by 
thin steel plates. These spirals, however, were intended to support the longitudinal bars 
rather than to confine the concrete core since their spacing is 90mm so that the steel ratio 
corresponding to this spacing is close to the lower limit of spirals recommended in the AIJ 
design standards [2.3]. 
 
In order to prevent extreme slippage of SBPDN bars at the contra-flexure section, all SBPDN 
bars were connected by mechanical anchorage. The adopted mechanical anchorage consisted 
of one coupler, one piece of steel torus with thickness of 12mm and band width of 30mm, and 
sixteen nuts. The connecting details can be found in Fig. 3.2-2. Both ends of each SBPDN bars 
were fixed to a 9mm-thick steel plate by two nuts. Photo 3.2-1 displays the view of 
connections of SBPDN bars at the middle of columns.  
  
Fig. 3.2-3 View of the specimen confined by steel plates 
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The axial load ratios were 0.15 and 0.33. The former represents typical axial load level for 
columns at the lower story of low or middle rise buildings, while the latter expresses the axial 
load limit for columns in high-rise buildings.   
 
To facilitate assembling of the steel plates for confinement, they were divided into three parts 
so that each piece of semi-circular steel plate can be raised by hand. Fig. 3.2-3 shows overall 
view of the column after confined by steel plates. As given in Table 3.2-1, the used steel plates 
had thickness of 1.6mm and 3.2mm, both of which give diameter-to-thickness ratios of about 
158 and 80, respectively. 
 
Concrete—Ready-mixed concrete with designed compressive strength of 60N/mm2 was 
used to fabricate all specimens. Table 3.2-2 shows mix proportion of concrete. In addition to 
Portland cement, coarse aggregate with maximum diameter of 20mm was used to make 
concrete.    
 
Table 3.2-2 Mix proportion of concrete 
 
 
 
 
Fig. 3.2-4 Stress-strain relationships of concrete 
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Table 3.2-3 Mechanical properties of concrete 
 
 
Table 3.2-3 shows the actual compressive strength and other mechanical properties of 
concrete measured at 28-th day and the stages of testing. Each row in Table 3.2-3 expresses 
average of test results of three concrete cylinders (ϕ100mm×200mm), which had been cured 
under similar conditions as the specimens. Fig. 3.2-4 displays measured stress-strain curves 
of three standard cylinders under concentric compression. 
 
As one can see from Table 3.2-3 and Fig. 3.2-4, the concrete strength was about 70N/mm2. 
The strains at the concrete strength ranged from 0.0026 to 0.0032, and the Young’s modulus 
ranged from 35600 to 37500 N/mm2.  
 
Table 3.2-4 Mechanical properties of the used steels 
 
 
Reinforcement & steel plate—Table 3.2-4 shows mechanical properties of the used steels. 
The results shown in this table represent averages of three test coupons for each type of steel. 
The SBPDN bar had specific yield strength of 1423 N/mm2. Yield strengths of the steel plates 
used to confine concrete were 305 N/mm2 and 325 N/mm2, respectively. Besides the steels 
used in the specimens, a high-strength PC bar had been used to apply about 25% of the target 
axial compression to the specimens with axial load ratio of 0.33 since the axial compression in 
these specimens exceeded capacity of the testing set-up as shown in Fig. 3.2-5. The specific 
yield strength of the PC bar was 1081 N/mm2.  
 
The test set-up was shown in Fig. 3.2-5 to deform the specimen in a double curvature pattern. 
The cyclic lateral force was applied through pulling and pushing simultaneously two 
f’c ec E s f’c
(N/mm2) (%) (N/mm2) (N/mm2)
No.1 28 68.4 0.26 366000 DRS20N15C70 40 68.4
No.2 28 69.6 0.29 375000 DRS20N33C70 28 69.6
No.3 28 71 0.32 356000 DRS20N33C70SP16 34 71
Average ― 69.7 0.3 365667 DRS20N33C70SP32 34 69.7
DaysConcrete No. Columns No.Days
E s f y ey f u y
(kN/mm2) (N/mm2) (%) (N/mm2) (%)
SBPDN 215 1423 0.86 1499 9.7
SD295A 190 426 0.23 517 25.9
SP1.6 201 305 0.35 372 38.1
SP3.2 194 325 0.37 503 36.8
Where, f y: 0.2% offset yield strength of reinforcements, ey：the strain corresponding to f y, f u:
ultimate strength of reinforcment, y : elongation ratio of reinforcement, E s：modulus of
Steels
3
Number of
specimen
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hydraulic jacks, each of which has capacities of 300kN and 500kN in pulling and pushing, 
respectively. The constant axial load was applied by using a 1000kN vertical hydraulic jack. 
The axial and lateral loadings were controlled by two independent loading systems, 
respectively.   
 
After applying the targeted axial compression, the lateral loading was controlled by 
alternating drift reversals. Fig. 3.2-6 shows lateral loading program. The peak drift ratios, 
which are the ratios of peak lateral displacements to column height (1000mm), were 
increased stepwise from 0.0025 to 0.01 with increment of 0.0025 and then till 0.02 with 
increment of 0.005 after two complete cycles at each peak drift ratios. From drift ratio of 0.025 
on, the lateral loading was reversed one cycle at each peak drift ratio until it reached 0.05.  
 
 
Fig.3.2-5 Test setup for double curvature columns 
 
East West 
3-9 
 
 
Fig. 3.2-6 Loading history 
 
 
Fig. 3.2-7 Locations of various DTs used to measure displacements 
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3.2.3 Measurements  
      
     The lateral displacement of each specimen was measured using two LVDTs, noted as ① and 
② in Fig. 3.2-7. The average of the displacements measured by them was divided by column 
height to give the drift ratios. The pair of LVDTs ③ and ④ measured the axial deformation 
over the column height, while the LVDT⑤ through LVDT⑧ , were used to the axial 
deformations concentrated within upper and lower 1.0D end regions. LVDTs ③ and ④ were 
intended to measure the axial deformation of 2.0D middle portion of the specimens. 
 
Fig. 3.2-8 shows the locations of strain gages. Eight strain gauges were embedded on each 
longitudinal bar located at extreme tensile and compressive sides. One can also see the 
locations of strain gages used to measure the circumferential strains in the spirals. A total of 
eight strain gages were embedded on spirals for the specimens confined by steel plates while 
twelve gages were used for the specimens confined by spirals. In addition, two gauges were 
placed on the surface of PC bar 250 mm away from both ends to monitor the variation of the 
axial force by it during the testing. Furthermore, six bi-axial strain gages were embedded on 
the surface of steel plates to measure the circumferential and longitudinal strains developed 
during the process of loading. Similarly, four bi-axial gauges (PWL, PWT, PSL and PST) were 
placed on the fixation steel torus at the middle of column, as shown in Fig.3.2-8 (d). Fig .3.2-9 
shows the overall view of the specimen during being loaded. 
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 (a)  DRS20N33C70SP16 and 32               (b) DRS20N15C70, DRS20N33C70          (c) PC steel bar 
 
 
Fig. 3.2-8 Locations of strain gauges in longitudinal and transverse reinforcements 
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Fig. 3.2-9 Overall view of the specimen during being loaded  
 
  
3-13 
 
3.3 Test results and observations 
 
3.3.1 Observed behaviors 
 
Fig. 3.3-1 records typical events of specimens DRS20N15C70 observed during reversed lateral 
loading along with the measured lateral force versus drift ratio relationship. This specimen 
was subjected to constant compression with axial load ratio of 0.15. 
 
 
    
Fig.3.3-1 Relationship between lateral force and drift ratio, and deformation development 
 in DRS20N15C70 
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           Drift ratio (%) 
Fig.3.3-2 Strain development of SBPDN at critical section of column DRS20N15C70 
 
Column DRS20N15C70, the first flexure crack was confirmed at the position of 90 mm from 
under stub and 60mm from upper stub when lateral force is 60kN at plus direction and at the 
position of 90 mm from under tub when lateral force is -55kN at minus direction, respectively. 
These flexure cracks completely can’t found when lateral force back to zero, regardless of 
plus and minus directions. Accompanying with the development of these flexure cracks, the 
first flexure-shear crack was found when drift ratio reaches 0.75% At the same moment, 
besides, limited falling off of cover concrete also was first confirmed. Subsequently, at drift 
ratio of 2%, spalling of cover concrete start to be confirmed first, especially at the east hinge 
region. And then, more and excessive spalling of cover concrete result the exposure of 
transverse spirals and vertical bond crack were found at the position of 350-550mm from 
under stub from drift angle of 2.5%. From drift ratio of 3.5%, spalling of cover concrete was 
continued and these vertical bond crack start develop to north and south from diagonal 
direction. At the end of testing, average height of spalling of cover concrete from the upper 
and under stub were 112mm and 125mm, respectively. Due to lateral resistance force at plus 
direction still keep an increasing at the end of the preconcert testing, in the plus direction, an 
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addition testing with target drift ratio of 6%. At this time, the subtle decreasing of lateral 
resistance force and increasing of damage were confirmed in this column, as shown in 
Fig.3.3-1. During the test, longitudinal reinforcements haven’t reached its yielding strength 
(see Fig.3.3-2), a complete and self-centering hysteresis with limited residual deformation was 
presented in this column. 
 
The maximum lateral force resistance levels of this column at plus and minus directions were 
203.2kN at drift ratio of 4.9% and -199.5kN at drift ratio of3.5%., respectively.   
 
  
    
 
Fig.3.3-3 Relationship between lateral force and drift ratio and deformation development 
 in DRS20N33C70 
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As shown in Fig.3.3-3, for column DRS20N33C70, the first flexure crack was confirmed at the 
position of 50 mm from under stub and 60mm from upper stub when lateral force is 80kN at 
plus direction and at the position of 90 mm from under stub when lateral force is -75kN at 
minus direction, respectively. These flexure cracks completely can’t be found when lateral 
force back to zero, regardless of plus and minus directions. Accompanying with the 
development of these flexure cracks, the first flexure-shear crack was found when drift ratio 
reach the second target plus drift ratio of 0.25%. Subsequently, the first vertical bond crack 
was found at the position of 450-580mm from under stub from drift angle of 0.5%. And then, 
form drift ratio of +0.75%, spalling of cover concrete start to be found with some vertical 
cracks occur at compressive concrete region, which result excessive spalling of cover concrete 
at drift ratio of 2%, until the spalling degree that transverse spirals were exposure at drift 
ratio of 2.5%. Subsequently, at the upper end and middle of the column, some vertical bond 
cracks were confirmed from 3% and they were developed with large degree at drift ratio of 
5%. At the target drift ratio of +5%, at the south face of column, obvious and large-width 
shear cracks were observed and obvious decrease of lateral resistance force was found from 
drift ratio of 5% at subsequence testing.  
 
 
             Drift ratio (%) 
Fig.3.3-4 Strain development of SBPDN at critical section of column DRS20N33C70 
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At the end of testing, average height of spalling of cover concrete from the upper and under 
stub were 155 mm and 215 mm, respectively. Basically, vertical bond cracks at middle of 
column were development and reach to two ends of column. As shown in Fig.3.3-4, similar as 
DRS20N15C70, during the test, longitudinal reinforcements haven’t reached its yielding 
strength and strain, a complete and self-centering hysteresis with limited residual 
deformation was presented in this column. The maximum lateral force resistance levels of 
this column at plus and minus directions were 213.1kN at 3.5% and -203.7kN at drift ratio of -
3.5%, respectively.   
 
 
Fig 3.3-5 Relationship between lateral force and drift ratio in DRS20N33C70SP16 
 
For the column confined by steel plate, columns DRS20N33C70SP16 and DRS20N33C70SP32 
exhibited similar experimental observations. As shown in Fig.3.3-5, for the first column, any 
changes were not observed in the surface of steel plate before the drift ratio of±2%. Due to 
the column were confined by steel plates at overall height region, just crack condition was 
observed at the region of two ends of column and separation between steel plates. At drift 
angle of ±0.5%, flexure cracks were confirmed at the upper and under end of column, 
respectively. With the development of these cracks, surficial floating of cover concrete was 
founded at drift angle of ±2.5%. From drift ratio of 1%, lower-degree displacement was 
observed between three parts of steel plates, as shown in Fig.3.3-6 (a). Subsequently, from 
drift ratio of 2%, bulging of steel plate was confirmed around the upper and under end of 
column and increase with low degree until the end of testing. Due to lateral resistance force 
keep increasing until end of testing, an addition test with target drift ratio of 6% was 
conducted.  
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(a) Displacement  (b) Ultimate damage 
                  
Fig.3.3-6 Displacement between steel plates and ultimate damage condition of columns 
 
At the end of test, the damage condition of column DRS20N33C70SP16 was confirmed after 
opening all the steel plates. Similar as column RS20N33C50SP in section 2.3, there aren’t 
obvious damages can be found in this column. Limited flexure and flexure-shear cracks was 
found at the position of 1.0D from upper and under stub, and few cracks occurred at middle 
of column, as shown in Fig.3.3-6. Compared with column DRS20N33C70, steel plate can 
effectively improve the spalling of cover concrete, and occurring of bond crack at middle of 
column. 
 
At the same time, not similar as other columns, at drift ratio of 5%, longitudinal 
reinforcements have reached its yielding strength, as shown in Fig.3.3-7. Besides, a complete 
and self-centering hysteresis with limited residual deformation was presented in this column 
during the testing. The maximum lateral force resistance levels of this column at plus and 
minus directions were 294.8kN at 6%, and -283.4kN at drift ratio of -5%, respectively.   
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          Drift ratio (%) 
Fig.3.3-7 Strain development of SBPDN at critical section of column DRS20N33C70SP16 
 
For the last one, DRS20N33C70SP32, as shown in Fig.3.3-8, any changes were not observed in 
the surface of steel plate before the drift ratio of ±2.5%. Similarly, due to column were 
confined by steel plates at overall height region, just crack condition was observed at the 
region of two ends of column and separation between steel plates. At drift ratio of ±0.25%, 
few flexure cracks were confirmed at the upper and under end of column, respectively. With 
the development of these cracks, surficial floating of cover concrete was founded at drift 
angle of ±3.5%. From drift ratio of 2.5%, bulging of steel plate was confirmed around the 
upper and under end of column and increase with low degree until the end of testing. 
Subsequently, from drift ratio of 4%, lower-degree displacement was observed between three 
parts of steel plates, similar as shown in Fig.3.3-6 (a). Due to lateral resistance force keep 
increasing until end of testing, an addition test with target drift ratio of 6% was conducted.  
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Fig 3.3-8 Relationship between lateral force and drift ratio in RS20N33C70SP32 
 
        
 
 
 
Fig 3.3-9 Ultimate damage of column RS20N33C70SP32 
 
At the end of test, the damage condition of column DRS20N33C70SP32 was confirmed after 
opening all the steel plates. Similar as column RS20N33C50SP in section 2.3 and above 
DRS20N33C50SP16, there aren’t obvious damages were found in this column, especially at 
middle of column. Limited flexure and flexure-shear cracks was found at the position of 1.0D 
from upper and under stub, and negligible spalling of cover concrete, as shown in Fig 3.3-9. 
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Compared with column DRS20N33C70 and DRS20N33C50SP16, more effective confinement 
for cover concrete at middle of column can be provide in this column.  
 
Table.3.3-1 Experimental results of all tested columns 
 
 
 
          Drift ratio (%) 
Fig.3.3-10 Strain development of SBPDN at critical section of column DRS20N33C70SP32 
 
At the same time, similar as other columns, at drift ratio of 5%, longitudinal reinforcements 
have reached its yielding strength, as shown in Fig. 3.3.10. Besides, a complete and self-
centering hysteresis with limited residual deformation was presented in this column during 
the testing. The maximum lateral force resistance levels of this column at plus and minus 
directions were 328kN at 6% and -332kN at drift ratio of -6%, respectively.   
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DRS20N33C70 69 1117.7 213 3.5 -204 -3.5 208.5 3.5 114.0
DRS30N33C70SP16 72.7 1177.7 295 6 -283 -5 289 5.5 160.7
DRS30N33C70SP32 72.7 1177.7 328 6 -332 -6 330 6 182.7
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3.3.2 Hysteretic behaviors  
 
In the section, as shown in Fig.3.3.11, hysteretic behaviors of all columns were investigated 
via analyzing and comparing of relationship between lateral force and drift ratio. Besides, 
strain conditions of longitudinal reinforcements also will be presented. All key parameters 
and experimental measured values were listed in Table.3.3-1, including shear span ratio (a/D), 
applied axial load (P), type of longitudinal reinforcement, maximum, minimum and average 
value of lateral loading (Vmax ,Vmin and Vave), three drift ratios, Rmax ,Rmin and Rave  
corresponding to  Vmax ,Vmin and Vave. In addition, considering the effect of axial load on the 
moment of columns, moment of various columns Mave were also presented in here via the 
equation (2.3-1). 
 
 
Fig.3.3-11 Relationship between lateral force and drift ratio of all columns 
 
Though all columns confined by steel plate at the end of testing (R=5%), longitudinal 
reinforcements have reached its yielding strength and strain, a complete and self-centering 
hysteresis with limited residual deformation was presented in all columns. Besides, large 
degree decrease of lateral resistance force wasn’t found in all columns, especially for columns 
with low axial load level and confined by steel plates, lateral resistance force keep increase 
until drift ratio of 5%. Column confined by spirals with high axial load level, lateral resistance 
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force reach its maximum level at drift ratio of 3.5%, (average, at both directions) and then, 
decrease to 94% maximum level at drift ratio of 6%, with the decrease rate as the P- effect. 
 
 
Fig.3.3-12 Effect of axial load on envelope behaviors 
 
From Table.3.3-1, early fast development of lateral resistance force and excessive spalling of 
cover concrete at the column DRS20N33C70 result the column reaches its maximum lateral 
resistance force at drift ratio of 3.5%. For columns confined by steel plates, compared with 
column DRS20N33C70, enhancing ratios of maximum lateral resistance force of columns with 
steel plate with thickness of 1.6mm and 3.2mm were 1.4 and 1.6, respectively. 
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In the following, effects of various variables on the hysteretic behaviors of these columns 
will be described in the following. 
 
(1) Applied axial load  
 
As shown in the Fig.3.3-12, effect of axial load on development of lateral resistance force 
and moment were presented, respectively. Comparative results show that higher axial load 
can enhance lateral resistance force of members at initial stage. However, this enhancement 
decreases with increasing drift ratio at later stage, as shown in Fig.3.3-12 (a). For moment of 
column, though moment at initial stage exhibited similar behaviors as that of lateral 
resistance force, the enhancement was kept at a constant level with increasing lateral 
deformation, as shown in Fig.3.3-12 (b), which can be attributed that the action of P-effect 
became more obvious at lateral deformation. 
 
 
Fig.3.3-13 Effect of transverse confinement type 
 
(2) Transverse confinement way 
 
Compared with column DRS20N33C70, as shown in Fig.3.3-13 and Fig.3.3-14, columns 
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higher lateral resistance force, with the enhancing degree of over 20% after the drift ratio of 
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ratios of strength both increased, with almost same rate of increasing. Column confined by 
thicker steel plates have larger enhancement ratio, as shown in Fig.3.3-14. Maximum 
enhancement ratio of two columns DRS20N33C70SP16 and DRS20N33C70SP32 reach 1.5 and 
1.7, respectively. Compared with DRS20N33C70, enhancement ratio of transverse 
confinement enhancement ratio of DRS20N33C70SP16 and DRS20N33C70SP32 reach 1.243 
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and 2.44. This indicated that steel plate can effectively prevent the spalling of cover concrete 
and decrease concrete reduction for lateral shear force, especially at high deformation of 
columns at the later stage. However, the enhancement via transverse steel plate is limited and 
its ratio isn’t increase linearly with the thickness of steel plate. It also indicated that 
confinement action from steel plate must consider effectiveness and additional weight from 
steel plate. In the study, compared with 3.2mm steel plate, the confinement of thin steel plate 
can obtain sufficient development, as shown in Fig.3.3-14. 
 
 
Fig.3.3-14 Strength enhance ratio caused by steel plate  
 
3.3.3 Axial deformation and variation of applied axial load  
 
Fig.3.3-15 shows axial deformation development envelop curve of all columns. The names 
D1~D4 represent the position of LVDTs from the under stub. Results show that with 
increasing deformation, stable increasing and low-degree axial deformations were confirmed 
in all columns. Compared with other columns, column with low axial load level has highest 
level axial deformation. In column DRS20N33C70, due to obvious shear crack suddenly 
occurs at south fact of column, emanative trend of strain was found from drift ratio of 5%. 
Besides, for columns with axial load level of 0.33, similar development of axial deformations 
were observed before drift ratio of 1.5% in these columns.  Subsequently, for drift ratio of 2%, 
these increasing rates of axial deformation increase with the level of transverse confinement, 
i.e., columns confined by thicker steel plates have lower increasing ratio of axial deformation. 
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Fig.3.3-15 Axial deformation development of columns 
 
 
Fig.3.3-16 Variation of applied axial load level of all columns during the testing 
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Fig.3.3-17 Maximum and residual crack width 
 
In this study, though all columns were designed under constant axial load level, due to 
concrete compressive failure, nut condition of PC steel bar and touching condition of steel 
plates, variation of applied axial load level may occur during the testing, as shown in Fig.3.3-
16. Results shown that axial load level of columns DRS20N15C70 and DRS20N33C70SP32 
were kept as the preset value, 0.15 and 0.33, respectively. The ones of columns DRS20N33C70 
and DRS20N33C70SP16 were 0.27 and 0.28 with average level, respectively.  
 
3.3.4 Crack development and residual deformation 
 
In this study, as section 3.3.4, maximum residual crack widths were measured at each target 
drift ratio of each loading cyclic hoops in columns confined by spirals, DRS20N15C70 and 
DRS30N33C70. Based on the ACI-318 code, before drift ratio of 2%, the two columns both can 
be controlled under the serviceability limits of the code. Before drift ratio of 1.5%, at plus and 
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minus directions, maximum crack width of column DRS20N15C70 was controlled under 
0.02mm, i.e., serviceability limits of AIJ recommendations [1.28]. Besides, the maximum crack 
widths of two columns both were controlled less than 1.0mm until drift ratio of 0.02rad, 
which indicated that the two columns can be repaired easy after subject to seismic loads 
based on the recommendation of AIJ guidelines. 
 
 
Fig.3.3-18 Development of residual drift ratio at various target drift ratios 
 
As shown in Fig.3.3.18, residual drift ratios of all columns at cyclic loading loops with 
different drift ratio were measured. It should be noted that the residual drift ratio represented 
the average values between plus and minus maximum values of each cyclic hysteretic loop in 
each columns.  Results show that all columns can be controlled under similar level of residual 
drift ratio before drift ratio of 2%. Besides, before the drift ratio of 4%, though there aren’t 
obvious difference can be found between the columns DRS20N15C70, DRS20N33C70SP16 
and DRS20N33C70SP32, column DRS20N33C70 have higher residual deformation with little 
degree, which can be attributed the column produced obvious large spalling cover concrete 
and other damages from drift ratio of 2%. At the same time, in hysteresis hoop from target 
from drift ratio of 4% to 5%, large–width shear crack was found in the column DRS20N33C70. 
It results residual deformation between this zone increases with highest degree, as shown in 
the Fig.3.3-18.  
 
Compared with other columns, residual deformations of columns confined by steel plates 
were controlled under lower level, especially from drift ratio of 3%. Besides, higher level 
transverse confinement results lower residual deformation can be provided, as column 
DRS20N33C70SP32. Meanwhile, higher axial load level results larger residual deformation in 
columns confined by spirals. 
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Fig.3.3-19 Development of equivalent viscous damping coefficient of columns 
 
3.3.5 Energy dissipation capacity 
 
As shown in section 2.3.5, to evaluate the energy dissipation capacity of these circular 
columns, equivalent viscous damping coefficient heq of various columns were used, as shown 
in Fig.3.3-19.  
 
According to the figure, all columns presented a stable average dissipation level of 0.06 
before drift ratio of 4%. Subsequently, approximate equivalent viscous damping levels were 
confirmed in the columns DRS20N33C70SP16 and DRS20N33C70SP32. Between columns 
DRS20N15C70 and DRS20N33C70, approximate stable enhancement ratio of equivalent 
viscous damping coefficient can be found with increasing lateral displacement in column 
with higher axial load level. From drift ratio of 4%, larger damping coefficient can be 
provided in the two columns, especially at columns with axial load level of 0.33, which 
obvious shear crack was found at this moment.  The way of transverse confinement has no 
significant influence on the energy dissipation capacity. 
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             Strain (×0.01)                                                       Strain (×0.01)   
Fig.3.3-20 Development of strain of SBPDN bars 
 
3.3.6 Strains distribution of reinforcements and steel plates 
 
To further investigate seismic response of these circular concrete columns, strain distribution 
of reinforcements and various steels in some representative columns were presented in 
Fig.3.3-20~Fig.3.3-22. These investigations and comparisons were divided into four 
components, including, longitudinal reinforcement, spirals or steel plates, and transverse 
fixation steel plate, respectively. 
 
(1) Longitudinal reinforcements 
 
Fig.3.3-20 shows the development of strain of SBPDN in columns at longitudinal direction. 
Results show that reinforcements both haven’t its yielding strain in the columns confined by 
spirals until the testing before 4%. At drift ratio of 5%, maximum average strains (upper and 
under) of these two columns reach 68% and 57% yielding strain in columns confined by 
0
250
500
750
1000
-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
D
is
ta
n
c
e
 f
ro
m
 u
n
d
e
r 
s
tu
b
 (
m
m
) 
Drift ratio( 0.01rad.)
West
DRS20N33C70
1%
2%
3%
4%
5%
Yield
0
250
500
750
1000
-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
D
is
ta
n
c
e
 f
ro
m
 u
n
d
e
r 
s
tu
b
 (
m
m
) 
Drift ratio(×0.01rad.)
West
DRS20N15C70
1%
2%
3%
4%
5%
Yield
0
250
500
750
1000
-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
D
is
ta
n
c
e
 f
ro
m
 u
n
d
e
r 
s
tu
b
(m
m
) 
Drift  ratio(×0.01rad.)
West
DRS20N33C70SP32
1%
2%
3%
4%
5%
Yield
0
250
500
750
1000
-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
D
is
ta
n
c
e
 f
ro
m
 c
ri
ti
c
a
l 
s
e
c
ti
o
n
(m
m
) 
Drift Angle(×10-2rad.)
West
DRS20N33C70SP16
1%
2%
3%
4%
5%
Yield
3-31 
 
spirals, respectively. For columns confined by steel plate, though strain of two columns both 
increased with stable degree at initial stage, SBPDN reinforcement suddenly excess its yield 
level at upper critical section at drift ratio of 5%. 
 
 
(a) DRS20N15C70 
 
(b) DRS20N33C70SP16 
 
(c) DRS20N33C70SP32 
Fig.3.3-21 Development strain of transverse reinforcement 
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(2) Transverse reinforcement 
 
Fig.3.3-21 exhibits the strain distribution of spirals or hoops in some resperatatives all the 
columns. The strain condition of column RS20N15C70 exhibited similar development. At the 
east face of under and upper critical sections, sharper and higher strain level was confirmed. 
As shown in Fig.3.3-21 (a), strains at E3 and E4 both start increase from drift ratio of 3~4%, 
which can be attributed that spirals start undertake higher shear strength located at middle of 
column when cover concrete start to be destroyed caused by the development of vertical 
bond failure. Columns DRS20N33C70SP32 and DRS20N33C70SP16, strain of spirals reaches 
its maximum level at south face 270mm and east face 90 mm from under stub. At the region 
confined by steel plate, at E2 (145 mm) and E3(265 mm), sharp and high strain weren’t 
observed. It can be explained that stress redistribution between spirals and core concrete 
haven’t been conducted because steel plate can effectively control the spalling of cover 
concrete and vertical bond failure under lateral cyclic loads.  
 
 
Fig.3.3-22 Development strain of transverse steel plate at critical section (SP32) 
 
As one resperatative of columns confined by steel plates shown in Fig.3.3-22, with the 
increasing of drift ratio, transverse strains of steel plate at under and upper critical sections 
(25mm from stub) both increased with stable degree in the two columns.  It can be attributed 
that steel plate were expanded caused by destroyed cover concrete. Besides, in the two 
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columns, longitudinal strain of steel plates weren’t found during the testing, which indicated 
that steel plates doesn’t carry axial loading from the above axial loading. 
 
(3) Transverse fixation steel plate 
 
Fig.3.3-23 shows the development of transverse fixation steel plate at middle of some 
representative columns. For columns confined by spirals, from drift ratio of 3.5%, strain of 
transverse fixation steel plate (circumferential series) increased sharply and yielded at drift 
ratio of 5%. The ones of the columns just reach 37% yielding strain, at centripetal direction. 
On the other hand, for columns confined by steel plate, strains of the steel plate at 
circumferential and centripetal direction both just reached 37% its yielding strain until end of 
testing.  Compared with columns confined by spirals, strains of steel plate in other columns 
were lower level from drift ratio of 2.5%, which can be explained by the fixation effectiveness 
of steel plate didn’t decreased and obvious damages weren’t found because steel plate 
prevented the sharp damage of cover concrete located in middle of columns 
 
 
 
Fig.3.3-23 Development strain of transverse fixation steel plates 
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3.4 Conclusions 
 
In this chapter, the effects of middle fixation of reinforcing steel and transverse confinement 
methods on the seismic performance of high strength circular columns were investigated 
through experimental investigations of circular double curvature concrete columns. In here, 
some experimental results were summarized, as following,  
 
(1) Though shear failure was confirmed in the columns confined by spirals with axial load 
level of 0.33 at drift ratio of 5%, all columns presented a self-centering hysteresis hoops 
with controlled residual deformation and stable lateral force development without sharp 
reduction. 
 
(2) For columns confined by spirals, due to occurring of vertical bond crack from 2.5%, 
reinforcing steel’s bond strain cannot keep continue increase, which results lateral force 
decrease. However, compared with existing double curvature rectangular columns, 
sharp decreasing lateral force hasn’t been found in these columns, especially when axial 
load level is low, as column DRS20N15C70, an increasing lateral force was found until 
drift ratio of 5%. Columns DRS20N33C70 reach its maximum lateral force level at drift 
ratio of 3% and can keep 94% maximum level until end of test. 
 
(3) Columns confined by steel plates exhibited stable seismic performance until end of test 
with a stable increasing lateral force and strain of reinforcing steels, and can effectively 
control crack development. 
 
(4) Residual deformation of column with axial load level of 0.15 and columns confined by 
steel plates were controlled under 10% maximum target drift ratio until end of test. For 
column with axial load level of 0.33 and confined by steel plates, though a sharp 
increasing was found from drift ratio of 4%, the residual level was still controlled under 
10% target drift ratio of column before that time. It can be explained that from drift ratio 
of 4%, a sudden shear crack occurs in this column results sharp increasing inelastic 
deformations.  
 
(5) For energy dissipation capacity, all columns exhibited a stable and approximate constant 
energy dissipation level before drift ratio of 4%. And then, some tiny increasing was 
confirmed in them. 
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CHAPTER FOUR 
 
Numerical Analysis Method for Assessing 
Hysteretic Behaviors of Circular Concrete Columns 
Reinforcing With LBHSRs 
 
 
4.1 Introduction 
 
As described in Chapter two and three, columns reinforced by low bond high strength 
reinforcements exhibited high level self-centering behavior, stable increasing lateral 
resistance and controlled residual deformation. To evaluate the hysteresis behaviors of 
concrete members reinforced by low bond high strength reinforcement, such as SBPDNs, 
analytical method considering the bond-slip characteristic of steel bars in concrete members 
is indispensable. In the study, this method is referred to as Finite Springs Method (FSM). 
Objective of this chapter is to present an analytical method for reasonably and reliably 
assessing the seismic properties of resilient circular concrete columns, including hysteresis 
loop, residual drift ratio, and energy dissipation capacity. 
 
4.2 Numerical analysis method 
 
4.2.1 Review of previous studies 
 
 In Japan, representative FSM include Ichinose model [4.1] and Tada model [4.2]. Both 
Ichinose and Tada models were proposed to predict the slip of reinforcing bar of concrete 
beams from beam-column joint and to assess its effect on seismic behavior of concrete beams 
mode of normal strength reinforcement and concrete. In the two models, a concrete beam 
under seismic loading divided into three zones. They are the bond-slip zone, the potential 
plastic hinge zone, and the elastic zone, as shown in Fig. 4.2-1. The bond-slip zone was 
intended to represent the stress states of the top or bottom reinforcing bars across a beam-
column joint. The bond slip zone and the elastic zone were divided further into finite 
4-2 
 
elements, each of which consists of a concrete spring, a steel spring, and a bond spring, to 
evaluate effect of the bond slip. 
Utilizing the uniaxial constitutive models of steel bar, concrete and bond-slip, and adding 
the superimposing effect of the strain increment caused by the slip of steel bar, stiffness 
matrix of the member needs to be formed in Ichinose model. The method can be applied if 
the stiffness matrix can be solved. However, the infinitesimal calculus in this model is time-
consuming and strenuous due to that it involved various material models. Besides, hinge 
region of member hasn’t be assumed in the model when analyzing stiffness of members, 
which may result in lateral resistance force constant increasing, along with deformation, 
which usually is contrary to experimental results. 
 
 
Fig. 4.2-1 Member’s dissection of Finite Springs Method 
 
To trace the drift-softening behavior at large deformation inherent in concrete member, a 
hinge region should be assumed. Within the plastic hinge region, the bond stress of steel bar 
may decrease sharply because deformation of member is concentrated in this region. Based 
on this observation, Tada model [4.2] assumed that the bond stress be zero and that only the 
portion satisfies the so-called plane-remaining assumption well made in flexure analysis of 
concrete sections at this region. Besides, just concrete part was considered can meet the plane 
cross-section assumption in these models. 
Plastic hinge in 
column end
Beam
Beam
Steel element
Confining Beam
Steel
Concrete 
element
Bond-slip 
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In 2006, referencing the Tada model, limited bond confinement springs concrete and steel 
bars fibers was assumed to connect stiff region and supposed members in the Sun model. 
Through slip S0 of steel bar in the connect region, their tensile stress level F0 can be obtained.  
Summary of the method by Sun et al. [4.3] was presented as follows: 
 
(1) A concrete member can be divided into hinge region and bond confinement springs 
(BCS) region, including joint end and free elastic end, as shown in Fig. 4.2-2 (a). 
 
(2) Bond confinement springs (BCS) region can be divided further into Finite Fiber elements 
as shown in Fig. 4.2-2 (b).  
 
(3) Assuming the stress of steel bar pull out from BCS is F0, F1 and S1 will be obtained at the 
other end of the fiber can be given by equations (4.1-1) and (4.1-2). Similar as the 
previous, Fk and Sk at kth BCS can be given by equations (4.1-3) and (4.1-4). 
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Where, As ad ds are area and diameter of steel bars, respectively. S1 is slip level of steel bar 
when their stress reaches F1. h is length of fibers of BCS. fs-1 is steel strain function 
considering the effect of stress of steel. () is bond stress function of slip of steel bars.  F0, S0 
are bond stress and slip of steel bar located at end of BCS. 
 
(4) Based on equations (4.2-3) and (4.2-4) and various boundary conditions (pull-out side 
and opposite side), convergence calculation of F0 will be conducted, to find the “correct” 
stress for the reinforcing bar. 
 
(5) Sun et al. have applied the above approach to the prediction of hysteresis loop of 
rectangular concrete columns made of high strength deformed reinforcing bars [4.4]. In 
this chapter, Sun et al.’s analytical method will be adopted to the evaluation of resilient 
circular concrete columns. Details of this methodology will be described below. 
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Fig. 4.2-2 Discretion of concrete member in Sun’s Method [4.3] 
 
 
Fig. 4.2-3 Section dissection and strain distribution in column section  
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Fig. 4.2-4 Concept and iterative procedures of considering bond slip effect 
 
4.2.2 Basic assumptions  
 
To simulate the complete cyclic behaviors of concrete circular columns using low bond high 
strength steel bars, following assumptions are made:  
1) Concrete does not resist tensile stress;  
2) Only the concrete plane remains plane after bending; 
3) Lateral displacement of the member will concentrate in the plastic hinge region (1.0D); 
4) Strain and stress of the rebar are uniformly distributed within the plastic hinge region 
5) Maximum of bond-strengths of D13 rebar and SBPDN12.6 rebar are taken as 15N/mm2 
and 3 N/mm2, respectively.  
 
The flexure analysis of column section in plastic hinge region is of fundamental importance 
in evaluation or tracing of overall hysteresis response of any concrete members, ductile and 
Joint zone 
Steel stress 
fBj 
Hinge zone Elastic zone 
fHin 
Steel stress 
fCj 
Slip SBj(mm) Slip SCj(mm) Discrete 
S(n+1)  
≒ 0 
S(0) = SBj S(k+1) 
=S(k)- le (k) 
(1) 
Discrete 
S(0) = SCj 
S(k+1)= S(k)-le (k) 
 (1) 
Fixed end 
S(n+1) ≒ 0 
Free end  fs(n+1)≒0 
Step 1) 
Assign SBj to S(0), which 
is the slip at the right 
side of the first segment. 
S(0) = SBj. 
And calculate the bond 
stress (1) form the slip 
model.  
Step 2) 
Give an initial stress Fs(1) to 
the rebar in the first 
segment. Then calculate the 
slip at the left side of the k-
th segment till k=n. 
S(k+1) = S(k)-l  (k) 
Where  (k) =  
fs-1[Fs(k)-  (k) l d /As] 
Step 3) 
If the boundary 
condition in the n-th 
segment is met, the 
assumed rebar stress 
Fs(1) is the stress 
corresponding to the 
given slip S(0).  If not 
met, assume a new 
rebar stress Fs(1) and 
return to step 2).   
 
where, S(k), Fs(k),(k),e (k) are the slip, the rebar stress, the bond stress, and the rebar strain 
in the k-th seg ent facing to the hinge region, respectively, l is segment length, As and d are 
the cross area and nominal diameter of the rebar, respectively  
4-6 
 
resilient, and will be conducted using the so-called finite fiber method. Fig. 4.2-3 shows 
outlines of the finite fiber method.  
 
4.2.3 Procedures of the analysis  
 
Based on the above basic assumptions and member models, procedures of Sun’s integrated 
analytical method can be described as follows,  
 
(1). Divide a member into joint zone, hinge zone, and elastic zone as shown in Fig. 4.2-4. 
(2). For a given drift ratio Rk, calculate the curvature k in the hinge zone from the fourth 
assumption. 
(3). Give an initial value to the strain at the center of sectionek, and obtain the concrete strain 
distribution eci across the section depth following the second assumption. 
(4). For the j-th row rebar, give an initial slip SBj at the right side of the joint zone. 
(5). Obtain the stress FBj as Fs(1), which is computed by the iterative procedures shown in Fig. 4.2-4. 
(6). The rebar strain in the hinge zone can be calculated as esj= f s-1( FBj ) since FHjn= FBj  due to the 
fifth assumption. 
(7). Obtain the slip SCj (   psjcjBjCj LSS -- ee ) for the j-th row rebar at the left end of the 
elastic zone. 
(8). Calculate the rebar stress FCj corresponding to the slip SCj using the procedure in Fig. 4.2-4. 
(9). If FBj = FCj exists, then the esj in step 6) is the strain of the j-th row rebar; if not, assume a 
new slip SBj and repeat calculations of step 4) through step 8). 
(10). For all rows of the rebars, repeating steps 4) through 9) one can obtain the rebar strain 
distribution esj=( j=1 to n) , in which the slip effect has been taken into account. 
(11). Calculate the concrete stress and the rebar stress from respective constitutive law. 
(12). Calculate the internal axial load N and the moment M. 
(13). If the axial load N balances the applied axial load P within a tolerable error, the 
calculated M is taken as the moment Mk corresponding to the given Rk. If not, assume a 
new center strain ek, and repeat from step 4). 
(14). Obtain the lateral force Vk corresponding to Rk by kkk RPLMV -  
(15). Give a new Rk and repeat the above steps till the target drift ratio.  
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4.3 Various material models 
 
4.3.1 Stress-Strain Relationships for Confined High-Strength Concrete 
 
(1) Envelop Curve 
 
The stress-strain model proposed by Sun and Sakino [4.4] is applied to define the envelop 
curve for confined HSC under compression. Since the tensile strength of concrete generally 
can be ignored, no tensile properties are given below.  Sun and Sakino’s model is adopted 
because of its wide applicability in aspects of the concrete strength as well as the 
configuration type of transverse steels. According to Sun and Sakino’s model, the axial 
compressive stress of the confined concrete fc corresponding to any axial strain ec can be 
obtained by, 
 
                                                                                                          (4.3-1) 
 
Where K = fcc / fp is the strength enhancement ratio of the confined concrete, an index used to 
measure confinement degree of the transverse steels, and X = ec / eco.  
 
To define the envelop curve for the confined concrete by equation (4.3-1), the values of three 
parameters are needed to be determined.  They are: 1) strain at the peak eco, 2) parameter a 
controlling the shape of the ascending branch, and 3) parameter b mainly governing the 
descending portion of the curve.  These parameters are given as follows: 
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Where fp is the unconfined concrete strength in MPa, eo is the strain corresponding to fp, and 
Ec is the Young’s modulus of the concrete.  eo and Ec are given by equation (4.3-5) and 
equation (4.3-6), respectively. 
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Fig. 4.3-1 Complete stress-strain curve of confined concrete under compression 
  341 10940 - /. po fe                                                                                                                    (4.3-5) 
  4103320690  pc fE ..                                                                                                      (4.3-6) 
 
As obvious from equations 4.3-2 through 4.3-6, Sun and Sakino’s model is a two-parameter 
model. Only if the unconfined concrete strength fp and the strength enhancement ratio K (or 
confined concrete strength fcc) are known, one can completely determine the stress-strain 
envelop curve. Fig. 4.3-1 plots the outlines of the envelop curve along with the unloading 
and reloading paths, definitions of which will be given later. 
 
Through their experimental works, Sakino and Sun [4.5] have concluded that the unconfined 
concrete strength fp in the prismatic members is approximately equal to the concrete cylinder 
strength fc’, and proposed equation (4.3-7) to calculate the strength enhancement ratio K for 
the concrete confined by rectilinear transverse steels, conventional hoops or steel tubes. (see 
Fig. 4.3-2) 
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Fig. 4.3-2 Typical configurations of confinement by rectilinear transverse steels 
 
In equation (4.3-7), rh is the volumetric ratio of hoop (tube) to the confined core measured 
center-to-center of the perimeter hoop (inner dimension of tube), fyh is the yield stress of 
hoop (tube), d” is the nominal diameter of perimeter hoop (thickness of steel tube), C is the 
center-to-center distance between longitudinal bars supported by perimeter hoops or 
intermediate hoops, s is the hoop spacing (zero for tube), Dc is the distance between the 
centroids of perimeter hoop (inner width of tube). In equation (4.3-7), 687MPa (7000kg/cm2) 
expresses the upper limit for the yield stress of rectilinear transverse steels when calculating 
the strength enhancement ratio K. This limit was set by Sakino and Sun [4.5] based on the 
experimental observation that the high-strength transverse steels in most cases didn’t yield 
at the peak stress of the confined concrete. 
 
To further consider the effect of strain gradient across a member section under flexure, 
Sakino and Sun’s Model needs to be modified. Based on the experimental results reported by 
Tian et al. [4.6], the modification will be made in this paper by simply adding a constant of 
0.75 to the parameter b defined by equation (4.3-4). Hence for the compressed concrete under 
combined axial load and flexure, the parameter b will be given by equation (4.3-8) instead of 
equation (4.3- 4). 
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(2) Unloading and reloading curves 
 
As unloading occurs at the point U(eun, fun),  the unloading curve is assumed to be a parabola 
Ci Ci Ci Ci Ci C 
C = max (Ci) not effectively confined concrete 
C C C 
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with the point P(epl, 0) as its peak point where the tangential stiffness is zero. On the other 
hand, reloading curve is assumed to be a straight line that connects the reloading point R(ere, 
fre) with the point Q(eun, 0.9 fun),  as shown in Fig. 4.3-1. Based on these assumptions, the 
unloading curve (UP curve in Fig. 4.3-1) as well as the reloading curve can be defined by 
equation (4.3-10). 
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For simplicity, the plastic residual strain epl is defined as the abscissa at the intersection of a 
straight line from the point U and with Ec as its slope with the strain axis.  Following this 
simplification, the residual strain epl can be calculated as, 
cununpl Ef- ee                                                                                                                (4.3-11) 
 
4.3.2 Stress-Strain Relationships for High-Strength Rebar 
 
(1) Envelop Curve 
 
High-strength steels generally don’t show clear yield plateau. Fukuhara and Sun [4.7] have 
recently proposed the following expression to define their envelop curves. 
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where fs and es are the steel stress and strain, respectively, Es is the Young’s modulus, ech is 
the characteristic strain as shown in Fig. 4.3-3, N is the curvature coefficient of the curve, and 
Q is the ratio of the tangential stiffness at the peak to the initial stiffness, i.e., Es .  
 
The expression given by equation (4.3-12) was originally used by Menegotto and Pinto [4.8] 
to simulate Baushingers’ effect during unloading or reloading, and is applied to both tension 
and compression strains. The three parameters ech, N and Q are given as follows:  
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3.0N                                                                                                                               (4.3-14) 
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where,  fsu and esu are the stress and strain at the peak point, respectively. 
 
(2) Unloading and Reloading Curves 
   
Before defining the unloading and reloading curves, the end point on the curves need to be 
determined. To make the curves more comprehensive, there are three cases for the end point 
considerable. 
 
1) Unloading or reloading from the point A on the envelop curve: the end point D is located 
on the reversed envelop with the point (em0,0) as its origin as shown in Fig. 4.3-3. The 
absolute strain ess at the point D is assumed to be equal to the experienced maximum 
strain in the reversed direction. 
 
2) Reloading from the point B on the unloading curve: the end point will be the point A that 
is the start point of the previous unloading curve. 
 
3) Unloading from the point C on the reloading curve: the start point B of the previous 
reloading curve will be taken as the end point. 
 When the start point (e0, f0 ) and the end point (eb, fb ) are specified, the Menegotto-Pinto 
function is again used to define the unloading and reloading curves as follow:   
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The value of parameter Q1 in equation (4.3-15) can be obtained as the ratio of the tangential 
stiffness at the start point, which is equal to the Young’s modulus, to that at the end point. To 
assure continuity between the unloading (reloading) curve and the envelop curve or the 
previous reversed curve, the tangential stiffness at the end point is assumed to be equal to 
that of the envelop curve or the previous reversed loading/unloading curve. 
 
Based on their test results, Fukuhara and Sun [4.7] developed an empirical formula to 
calculate the curvature coefficient N1. This formula is written as follows, 
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where eb is the strain at the end point, and is taken as positive when it is tensile. After 
obtaining the values of N1 and Q1 , one can solve the characteristic strain ech1  by substituting 
coordinates of the end point (eb, fb ) into equation (4.3-16).  
 
 
(a) Envelop curve                             (b) Unloading and reloading curves 
 
Fig. 4.3-3 Outlines of the complete stress-strain curve of high-strength rebar 
 
4.3.3 Bond-slip model of LBHSR in concrete 
 
Based on their experimental investigations, Funato et al. [4.9] have proposed a model to 
define the bond stress-slip relationship of SBPDN bar embedded in concrete with 
compressive strength of 40MPa. 
 
The model consists of two envelop curves and unloading and reloading branches. Fig. 4.3-4 
shows the envelope curve of bond-slip relationship, including case 1 and case 2, which will 
be used for the reinforcing bar under monotonic loading and that under cyclic loading, 
respectively.  
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Unloading and reloading rules in the model are shown in Fig. 4.3-5. There are two rules 
according to the level of slip where the first unloading occurs. The first one, when the initial 
unloading point E locates at a certain point of the monotonic-loading curve before reaching 
the ultimate bond stress strength (point B), the unloading path will go in the way shown as 
① path in Fig. 4.3-5. 
 
 
Fig. 4.3-4 Envelope curves of bond-slip relationship of the SBPDN bars [4.7] 
 
The unloading path goes at first down or up with the initial stiffness as its gradient to point F, 
whose bond stress is equal to max as recommended by Funato et al. [4.7], from point F the 
unloading path goes paralleling to the x-axis to the point L, the intersection with the envelop 
in the opposite direction, and then follows the envelop. The factor  has an absolute value of 
0.13. 
 
If reloading occurs during unloading path ①, e.g. at point G shown in Fig. 4.3-5, reloading 
path will go straight up or down with initial stiffness to the monotonic-loading envelop from 
which the bond stress has been unloaded, and return to the envelop for monotonic-loading. 
This reloading path is expressed as path ②, as shown in the Fig. 4.3-5. 
 
If the initial unloading occurs at a point beyond the peak point of monotonic loading 
envelop, for example, point P shown in Fig. 4.3-6, the unloading path goes down straight to 
point M, and move horizontally to point L, and then go along with the envelop for cyclic 
loading, the case 2 curve in Fig. 4.3-4., this unloading path in noted as path ③ in Fig. 4.3-6. 
When reloading occurs during unloading in path ③ at some point, for example, point K, 
reloading path goes along as path ④, shown in Fig. 4.3-6, and then return to the envelop for 
cyclic loading in reloading path ④, the bond stress at point R and T, where the slip is zero 
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andmax. Value of factor has been given above. If reloading occurs before the unloading 
path ③ reaches point L, for example, from point N in Fig. 4.3-6, the reloading path should 
following path ⑤ in Fig.4.3-6. 
 
 
Fig. 4.3-5 Recycling rules in the bond stress-slip model (Case 1) 
 
 
Fig. 4.3-6 Recycling rules in the bond stress-slip model (Case 2) 
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To verify validity and accuracy of the analytical method proposed for circular concrete 
columns reinforced by SBPDN bars, the predicted results by the proposed method were 
compared with the results obtained in the previous two chapters. Attentions are primarily 
paid to four aspects, 1) hysteresis loop, 2) residual drift ratio, 3) energy absorption capacity 
in terms of equivalent viscous damping ratio, and 4) strain of SBPDN rebars. 
 
4.4.1 Hysteresis loops 
 
Fig. 4.4-1 shows comparisons between the experimentally measured hysteresis curves and 
the theoretical predictions by the presented method for the six cantilever columns reinforced 
with SBPDN bars and described in Chapter two. The other two cantilever columns are not 
compared here because they were reinforced with high-strength reinforcing bars with high 
bond strength, which enables these types of columns to be analyzed without considering 
effect of the bond-slip. 
 
As mentioned in previous section of this chapter, the proposed method can take account of 
confinement effect by transverse steels such as circular spirals or hoops and steel plates. For 
concrete columns subjected flexure-shear force and expected to fail in flexure, the existence 
of moment gradient along column height tends to shift the end critical section away from the 
end section, and hence enhancing the lateral resistance. Based on regression analysis on a 
large number of tests of square concrete columns, Sun et al. have proposed an empirical 
equation to account for the extra effect [4.4] through amplifying the concrete strength and is 
written in from of:  
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where K is the strength enhancement ratio of concrete by transverse reinforcements, n is the 
axial load ratio, and Km is the amplifying coefficient of confined or unconfined concrete. 
 
The necessary condition for the equation (4.4-1) to exist is the existence of stiff loading stub at 
the column end. The stiff loading stub is going to restrain the concrete in the end region of 
column, and this restraining effect may upgrade concrete strength and has been referred to 
as extra-confinement effect by Sun et al. [4.4]. 
To clarify if equation (4.3-7) is applicable to circular concrete columns, the theoretical 
hysteresis loops after considering the extra effect are compared with the test results in Fig. 
4.4-2.  
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Fig. 4.4-1 Experimental and predicted results in cantilever columns 
(No considering of extra-confinement) 
 
As one can see from Fig. 4-4.1 and Fig. 4.4-2, for the specimens of Fc40 series, the theoretical 
hysteresis curves trace the experimental results fairly well up to large deformation. If not 
considering the so-called extra-confinement effect, the theoretical results predict the 
experimental ones conservatively by 20% on average in terms of lateral resistance. Taking 
the extra-confinement effect into consideration, the safe margin between the theoretical loops 
and the experimental ones can be improved to 10%.  
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Fig. 4.4-2 Experimental and predicted results in cantilever columns 
 (Considering of extra-confinement) 
 
For the test columns of Fc50 series, the theoretical hysteresis loops where the extra-
confinement effect has been ignored exhibits accurate agreement with the experimental 
curves with difference of less than 10% on the conservative side. On the other hand, the 
analytical predictions where the extra-confinement effect has been taken into account show 
very good agreement with the test curves till drift ratio of 3%, but tend to overestimate the 
experimental loops from that drift ratio. This kind of overestimation by consideration of the 
extra-confinement effect can be found more obviously from Fig. 4.4-3 and Fig. 4.4-4. 
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Fig. 4.4-3 Experimental and predicted results in double-curvature columns  
(No considering of extra-confinement) 
 
 
Fig. 4.4-4 Experimental and predicted results in double-curvature columns 
 (Considering of extra-confinement) 
 
Fig. 4.4-3 and Fig. 4.4-4 display comparisons between the theoretical and experimental loops 
of the circular columns under double curvature deformation in Chapter three. As apparent 
from these two figures, ignorance of the extra-confinement effect enables the theoretical 
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hysteresis loops to trace the experimental curves accurately up to drift ratio of 5%. After that 
deformation level, for the column under relatively low axial load, the theoretical curve 
differs from the measured one due to ignorance of spalling off of the cover concrete and 
buckling of longitudinal reinforcing bar in the proposed method. However, expectation of 
the extra-confinement effect may lead to overestimation of the actual hysteresis response of 
resilient circular concrete columns as shown in Fig. 4.4-4. 
 
 
Fig. 4.4-5 Experimental and predicted results of residual deformation (Cantilever columns) 
 
From comparisons shown in Fig. 4.4-1 through Fig. 4.4-4 one can see that equation (4.4-1) 
should not be applied to circular concrete columns. In other words, the extra-confinement 
effect on the ultimate flexural strength observed in square concrete columns is supposed not 
to be considered for circular columns from the viewpoint of conservative or safe design. The 
reason for this recommendation of ignorance of extra-confinement effect in case of circular 
concrete columns lies in that the extra-confinement effect covers much less compressed 
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concrete in circular section than in square section. Based on this recommendation, 
comparisons in other aspects of seismic performance will be limited to the theoretical results 
without extra-confinement effect hereafter. 
 
 
Fig. 4.4-6 Experimental and predicted results of residual deformation  
(Double-curvature columns) 
 
4.4.2 Residual drift ratio 
 
Fig. 4.4-5 and Fig. 4.4-6 compare the experimentally measured residual drift ratios with the 
analytical results for the cantilever columns and double-curvature specimens, respectively. 
The residual drift ratios shown in Fig. 4.4-5 and Fig. 4.4-6 represent those measured after the 
lateral force had been unloaded to zero from each peak drift level. 
 
As one can see from Fig. 4.4-5 and Fig. 4.4-6, up to drift ratio of 2%, the theoretical 
predictions agreed very well with the measured results. While discrepancy between the 
theoretical residual drift ratios and the experimental results in some specimens is observed, 
the difference is tolerable for practical application and the theoretical results can trace 
tendency of the measured residual drift ratios along with deformation. The discrepancy 
between the theoretical residual drift ratios and the experimental results can be primarily 
attributed to that the complete bond-slip model itself may not be a perfect model. In addition, 
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it was developed and calibrated by tests results with only one kind of concrete strength of 40 
MPa, which makes this bond-slip model can’ t take into account of effect of concrete strength. 
To further upgrade accuracy of the proposed method, modification of the bond-slip model 
for SBPDN bars is desirable. 
 
 
Fig. 4.4-7 Experimental and predicted equivalent viscous damping ratios 
 (Cantilever columns) 
 
4.4.3 Energy dissipation capacity 
 
Fig. 4.4-7 and Fig. 4.4-8 compare the experimentally measured energy-dissipation capacity 
with the analytical results for the cantilever columns and double-curvature specimens, 
respectively. In these two figures, energy dissipation capacity is expressed in terms of 
equivalent viscous damping ratio.  
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As apparent from comparisons shown in Fig. 4.4-5 and Fig. 4.4-6, the theoretical damping 
ratios give a close agreement to the measured results up to drift ratio of 2%, which has been 
observed in comparisons of residual deformation. At large deformation, the analytical 
energy dissipation capacities underestimate the experimental ones, which implies that the 
proposed method can give a lower limit prediction to the energy absorption capacity of 
resilient circular concrete columns. Despite this underestimation of energy dissipation 
capacity, the analytical results do trace the test results along with deformation, which means 
that the proposed numerical analysis method opens a reliable way to reasonable design of 
overall performance of resilient circular concrete columns. 
 
 
Fig. 4.4-8 Experimental and predicted equivalent viscous damping ratios  
(Double-curvature columns) 
 
4.4.4 Strains of longitudinal SBPDN bars 
 
To further verify validity and accuracy of the proposed analytical method, the strains of the 
longitudinal SBPDN reinforcing bars measured at the sections 25mm and 145mm away from 
the end of loading stub in each test columns are compared with the calculated strains by the 
proposed method in Figs. 4.4-9, 4.4-10 and Figs. 4.4-11, 4.12 for the cantilever column and 
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double-curvature specimens, respectively. The horizontal dotted lines superimposed in each 
figures represent the yield strain of the SBPDN bar used. 
 
 
Fig. 4.4-9 Comparison between predictions and experimental results of strain of SBPDN bars 
(Cantilever columns, 25mm from the stub) 
 
It is note-worthy from Fig. 4.4-9 and Fig. 4.4-10 that the calculated steel strains can predict 
the measured strains very well up to the large deformation where the longitudinal SBPDN 
rebar reaches its yield strain. In some cases, one can observe that the calculated strains differ 
from the measured results from some certain drift ratios on. The theoretical strains in 
columns DRS20N33C70SP16 and DRS20N33C70SP32, exceed the measured ones after drift 
ratio of 3% and 4%, respectively. It can be attributed to that significant spalling off the cover 
concrete in these specimens made the SBPDN bars begin to slip, and regarding the 
increasing of steel strains. It is from these drift ratios that the theoretical hysteresis loops 
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begin to come off from the measured curves as seen in Fig. 4.4-11 and Fig. 4.4-12. From this 
observation, it can be presumed that making some subtle modification in the proposed 
method may lead more accurate predictions of overall seismic performance of resilient 
circular concrete columns. 
 
 
Fig. 4.4-10 Comparison between predictions and experimental results of strain of SBPDN 
bars (Cantilever columns, 145mm from the stub) 
 
One may argue from Fig. 4.4-9 and Fig. 4.4-10 that the calculated compressive strains can’t 
evaluate the measured strains in some specimens. This discrepancy between the measured 
steel strains and the analytical ones can be mainly attributed to following there aspects: 1) 
the way of embedding of the strain gages on the surface of SBPDN bars; 2) deformation of 
compressive steel plate at the center section of columns caused by compressive and tension 
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stress at the same time; 3) value of  in bond-slip model of LBHSRs may be too low. As 
shown in Fig. 4.4-9, the measured compressive strains in specimens RS20N33C50 and 
RS20N33C50SP, exhibit very close agreement with the calculated results up to drift ratio of 
5%, which implicitly supports the above-mentioned presumption. 
 
 
Fig. 4.4-11 Comparison between predictions and experimental results of strain of SBPDN 
bars (Double-curvature columns, 25mm from the stub) 
 
Fig. 4.4-12 Comparison between predictions and experimental results of strain of SBPDN 
bars (Double-curvature columns, 145mm from the stub) 
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4.4.5 Effect of bond stress of SBPDN bars on the analysis 
 
 The bond strength of SBPDN bar adopted in the analysis is 3.0 N/mm2. This value is based 
on the experimental results by Funato et al [4.10]. In their pull-out tests of SBPDN bar, the 
concrete strength was 40 N/mm2 on average. It has been well recognized that the bond 
strength of reinforcing bars depends on the compressive strength of surrounding concrete [4-
11].  Since the compressive strength of concrete used in the specimens described in chapters 
two and three was higher than 40 N/mm2, it is necessary to investigate the effect of bond 
strength of SBPDN bars on the analytical results. Based on the CEB code [4.12], a simplified 
equation is used to evaluate the bond strength of the SBPDN bar surrounded by the concrete 
with compressive strength higher than 40 N/mm2 in form of 
 
400.3 'max cf                                                                                                                           (4.4-2) 
where, fc’ is compressive strength of concrete cylinder, in N/mm2. 
 
Fig. 4.4-13 shows comparisons between the measured hysteretic curves and the theoretical 
predictions of the specimens with concrete strength higher than 40 N/mm2. The analytical 
results shown in Fig. 4.4-13 were obtained using the bond strength of SBPDN bar modified 
by Eq. (4.4-2).  
 
Comparing the results shown in Fig. 4.4-13 with those in Fig. 4.4-1 and Fig. 4.4-2, one can 
find that variation in the bond strength of SBPDN bar due to concrete strength is not 
significant. The higher the concrete strength, the higher the lateral resistance, but this 
difference is so little that one can ignore it in analyzing the hysteretic behavior of concrete 
columns reinforced by SBPDN bars.  
 
Fig. 4.4-14 traces the bond-slip behaviors of the SBPDN bars at extreme tensile side during 
cyclic analysis. It can be seen from Fig. 4.4-14 that the increments of bond strength due to 
increased concrete strength weren’t large enough to influence the analytical hysteretic curves. 
One can also find that the bond-slip curves strictly followed the constitutive law described in 
the previous section of this chapter, and that the analytical program gave reliable theoretical 
prediction of hysteretic loops of concrete columns.  
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(a) Concrete compressive strength of 50MPa 
 
(b) Concrete compressive strength of 70MPa 
Fig. 4.4-13 Analytic results using different bond stress of SBPDNs   
 
 
Fig. 4.4-14 Analyzed results of bond-slip behaviors of SBPDN bars (fc’=50 and 70MPa) 
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4.5 Conclusions 
 
To reasonably and reliably evaluate overall seismic performance of resilient circular concrete 
columns, a numerical analysis method is presented in this chapter. The proposed method 
adopts the methodology developed by Funato et al. initially for analysis of resilient square or 
rectangular concrete members. Some modifications are made for it to be applicable to 
circular concrete columns. Core points of the method lie in that it can take into account of 
effects of main structural factors such as confinement effect by transverse reinforcements 
inclusive of conventional spirals and steel plates and bond-slip of longitudinal reinforcing 
bar. While the analysis method is initially intended for circular concrete columns reinforced 
with LBHSRs, it can also simply applied to circular columns reinforced with normal 
deformed bars only if its bond-strength is specified. 
 
To verify validity and accuracy of the numerical analysis method, comparisons between the 
experimentally measured results are conducted with the analytical predictions obtained by 
the proposed method. From the comparisons described in this chapter, the following 
conclusions can be drawn: 
 
(1) The theoretical hysteresis loops obtained by the proposed method can predict the 
experimental loops of resilient circular concrete columns very well. For the cantilever 
columns, the theoretical envelop curves conservatively predicated the measured one by 
10% to 20%. For the columns under double curvature deformation, difference between 
the calculated envelops and the experimental results was within ±5% up to so large 
deformation as drift ratio equals  to 5%. 
 
(2) As to the residual drift ratio, an important and indispensable indicator measuring the 
reparability and repairing cost of concrete columns after earthquake, the calculated 
results exhibited excellent agreement with the measured ones up to drift ratio of 2%. 
After this deformation level, the theoretical residual drift ratios in some specimens 
tended to underestimate the experimental results, but they could trace the increasing 
tendency of experimental residual drift ratios up to larger deformation. The difference 
between calculated and measured results can be primarily attributed to that the bond-
slip model was initially developed on the basis of pulling-out tests of SBPDN bars 
embedded in concrete having compressive strength of 40MPa and might not be perfect. 
In particular, as shown in Fig. 4.3-5, the residual bond strength max was derived 
through a few test results and obviously needs to be fixed by more follow-up tests. 
 
(3) Due to the reason mentioned in the discussion of residual deformation, the theoretical 
equivalent viscous damping ratios showed very good agreement with the experimental 
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result until  drift ratio reached 2%, but exhibited lower values than the measured  
damping ratio from that deformation level on. Despite the difference at large 
deformation, the calculated results did predict the lower bound of viscous damping ratio, 
providing conservative but reasonable information on energy dissipation capacity of 
resilient circular concrete columns.  
 
(4) The proposed method could predict the steel strain of longitudinal rebars up to large 
deformation, which strongly supported validity and accuracy of the proposed method, 
indicating high reliability in evaluating seismic behavior of resilient circular concrete 
columns. 
 
(5) The concept of extra confinement effect observed in square concrete columns should not 
be applied to circular concrete columns, because the restraining from both moment 
gradient and stiff loading stub adjacent to end section only influences much less 
compressed concrete in circular section than in square section. 
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CHAPTER FIVE 
 
Proposal of Complete Seismic Shear Strength 
Model for Circular Concrete Columns 
 
 
5.1  Introduction 
 
As described in chapters two and three, resilient concrete columns exhibit drift hardening 
behavior along with deformation up to certain drift ratio. To fully utilize this drift hardening 
effect in seismic design of resilient concrete frames, it is of great importance to trace the 
variation in seismic shear strength of resilient concrete members. 
 
Previous researches [1.14, 5.1] have shown that it is important to prevent concrete columns 
under seismic loading from brittle shear failure in their potential plastic regions, because the 
brittle shear failure generally results in less ductility and hinders formation of the ductile 
deformation mechanism within the hinge region.  
 
Conventionally, structural engineers have avoided brittle shear failure by assuring that the 
calculated shear force corresponding to ultimate flexure strength of concrete members is less 
than the calculated shear strength. This method is based on concept of capacity design by 
Park and Pauley [5.2], and has been applied in seismic design practice for the ductile 
concrete (referred to as D-RC hereafter) frames world widely. This method, however, works 
only if the equation for computing the seismic shear strength is reliable enough. 
 
Fig. 5.1-1 shows correlation among capacity curves and seismic shear strength of resilient 
concrete (referred to as R-RC) columns [5.3] and D-RC columns. As apparent from Fig. 5.1-1, 
if the concrete column maintained its nominal shear strength till large deformation, 
aforementioned design method would pass a reasonable and reliable judgment on possibility 
of shear failure. Unfortunately, previous studies have indicated that the nominal shear 
strength would decrease along with lateral deformation due to gradual deterioration in 
aggregate interlock, dowel action of longitudinal reinforcing bars, and friction-resistance 
capacity of concrete located on shear-failure diagonal plane [1.16, 5.4].  Obviously, ignorance 
of degradation of seismic shear strength along with deformation may lead to premature 
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shear failure at much less deformation, the points A and B in Fig. 5.1-1 for D-RC and D-RC 
columns, respectively, than initially anticipated by conventional methodology.   
 
 
Fig. 5.1-1 Capacity curves and seismic shear strength of concrete columns 
 
However, most of current seismic design codes do not address the degradation in seismic 
shear strength, and even the famous ACI 318-11 code [1.23] and NSZ 3101-06 code [1.26] only 
provide design equation to calculate the nominal shear strength. 
 
Objective of this chapter is to develop a complete seismic shear strength model for circular 
concrete members, both resilient and ductile.  
 
5.2  Review of previous researches 
 
There have been several equations to calculate the nominal seismic shear strength for circular 
concrete members, including columns and beams. These equations have been summarized 
by Moehle et al. [1.16] along with their respective backgrounds and interpretations. The 
previous design equations had been initially proposed for rectangular and square concrete 
members, and been applied to the calculation of circular members after transforming circular 
section into equivalent rectangular or square sections. The area of equivalent rectangular 
section is called shear-effective area.  
 
Table 5.2-1 summarizes definitions of shear-effective area in several representative design 
codes.  One can be seen from Table 5.2-1 that definitions of width and depth of the 
equivalent rectangular section has not gained consensus among the current design codes, 
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which implies inherent error in these equations. Furthermore, these equations only predict 
the nominal shear strength as mentioned above. 
 
Table 5.2-1 Definitions of shear-effective area in current design codes 
 
 
In order to eliminate the inherent error caused by transforming circular section into 
equivalent rectangular section, and to trace degradation of shear strength along with 
deformation, since 1980s several shear models have been proposed by Ang and Wong et al. 
[1.14, 1.15], Aschheim and Moehle [1.16], Priestley et al. [5.5], California department of 
transportation [5.6], Applied Technology Council [5.7], and Kowalsky et al. [5.8]. These 
models are all intended to directly be used to calculate seismic shear strength of circular 
concrete columns without transforming of column section. Outlines of these models are 
briefly reviewed below. 
 
 
Fig. 5.2-1 Outlines of Ang/Wong’s shear strength model 
 
 
Type of calculation Current codes/proposals
Effective
depth (d )
Effective
width (b w)
Total
ASCE-ACI 426 D ≈ 0.786D 1.01 A g
CEB-FIP-78 [1.24] ― ― <0.8A g
NZS3101-82, ACI-318-83 D 0.8D 1.02 A g
AIJ formula A&B [5.4] 7/8D D 1.11 A g
CSA A23.3-2004 [1.34] ≥0.9D D ≥1.15 A g
ACI-318-11 D 0.8D 1.02 A g
GB50100-2010 [2.4] 0.8D 0.88D 0.896A g
Direct circular section NZS3101-06 ― ― A cor=πD s
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Ang/Wong model [1.14, 1.15] 
 
It is a tri-linear model, which defines the seismic shear strength of circular concrete columns 
as a multi linear function of displacement ductility as shown in Fig. 5.2-1.  
 
According to this model, seismic shear strength remains the initial shear strength Vi till 
displacement ductility m reaches a specified value, which is 2.0 and 1.0 for columns subjected 
to uniaxial flexure and biaxial flexure, respectively, as shown in Fig. 5.2-2. From that 
displacement ductility on, shear strength starts decreasing along with ductility till the 
minimum shear strength, noted as residual shear strength. The initial nominal shear strength 
Vi and the residual shear strength Vr are written in forms of,  
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The particular displacement ductility mf, where the degrading shear strength converges to 
the residual shear strength, can be obtained by the following equation. 
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Equation (5.2-3) was derived by the concept of energy balance by Mander et al. [5.9] and the 
analysis of bending moment and deflection profile of cantilever bridge piers seismically 
loaded to inelastic range [5.10].  The other terms in equations (5.2-1) through (5.2-3) can be 
calculated as follows: 
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In equation (5.2-1) through equation (5.2-7), Ash and fyh are the nominal sectional area and the 
yield stress of transverse reinforcement, respectively, Ds and s are the diameter measured 
between centroids of circular spirals and spacing of transverse reinforcement, respectively; 
represents the inclination of the diagonal compressive struts and is assumed to decrease 
with increasing lateral deformation until the lower limit of 25-deg [1.14], fc’ is the concrete 
compressive strength, Ag and Ae are the gross sectional area and the effective area, which is 
taken as 80% of the gross section area, of column section, respectively; P is the applied axial 
load, and compression is taken as positive, L and Lp are the shear span and the plastic hinge 
length of column, respectively; rs is the volumetric ratio of transverse reinforcement to the 
concrete core measured by distance between the centroids of perimeter spirals, and ds is the 
nominal diameter of the longitudinal reinforcing bar. 
 
As apparent from Fig. 5.2-2, in this model, the degradation in seismic shear strength is 
attributed to deterioration in shear resistance by concrete, and the shear resistance by the 
transverse reinforcement remains constant till large deformation.  
 
 
Fig. 5.2-2 Concept of axial load contribution in UCSD-A model 
 
UCSD-A model 
 
Based on the comparison analysis between ASCE/ACI 426, Ang/Wong and Watanabe 
/Ichinose models, Priestley et al. [5.5] at UC San Diego advocated that the shear strength of 
concrete columns should consist of at least three parts, which are concrete shear strength Vc, 
axial load component Vp, and truss mechanism shear strength Vs, and the seismic strength 
can be obtained by equation (5.2-8). 
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pscsu VVVV                                                                                                                             (5.2-8) 
This model differs from Ang/Wong’s model in how to consider effect of the axial load on 
enhancement of shear strength. Priestley et al. assumed that the effect of axial load works 
by arch action forming the certain inclining strut as shown in Fig. 5.2-3. The horizontal 
component of diagonal compressive struts contributes to enhancing of lateral shear strength, 
and can be expressed in form of  
 
   P
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where, a is the shear span, and c is the neutral axis depth of column section, and P is the 
applied axial load.  The problem in this model is that one has to conduct flexural analysis to 
find the neutral axis depth before calculating seismic shear strength. 
 
In addition, Priestley fixed inclination angle of the truss mechanism as 30-deg with respect to 
the column axis for circular concrete columns, and rewritten the shear resistance by circular 
spirals as follows,  
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Fig. 5.2-3 Definition of the reduction factor k1 in UCSD-A model 
 
Furthermore, based on And/Wong model, the shear strength resisted by concrete was taken 
as a function of lateral deformation and simplified as, 
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where, Ae is the shear-effective area, 0.8 times of gross cross section of columns, and k1 is the 
reduction factor that is function of displacement or curvature ductility as shown in Fig. 5.2-3 
and intended to simply represent effect of lateral deformation on seismic shear strength.  
 
UCB model 
 
In UCB model [1.16], the seismic shear strength is still comprised of the shear resistance by 
concrete and that by transverse reinforcement, with a truss mechanism having fixed angle of 
30-deg with respect to the column axis. The shear strength resisted by concrete was strictly 
assumed to start degrading from displacement ductility of 1.0, regardless of the other 
parameters, and to be reduced to naught when the displacement ductility reached 3.0 on. 
The mathematical expression of the shear strength in this model is given as follow: 
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where Ae is the shear-effective area of column section, and k2 is the reduction factor to 
account for degradation of the shear strength by concrete along with lateral deformation. 
Definitions of the other notations in equation (5.2-12) have been given above. The reduction 
factor k2 can be drawn from Fig. 5.2-4 (a). 
 
 
Fig. 5.2-4 Definitions of reduction factors k2 in UCB and k3 and k4 in Caltrans models 
 
Caltrans model 
 
Caltrans model was developed by California department of transportation in 1999 [5.6]. For 
the concrete shear capacity, Caltrans model considered the effects of flexure and axial load, 
by multiplying two related factors k3 and k4, as expressed in form of   
 
0
0.2
0.4
0.6
0.8
1
1.2
0 0.5 1 1.5 2 2.5 3
K
2
Displacement ductility 
MPa units system(a)
0
0.05
0.1
0.15
0.2
0.25
0.3
1 2 3 4 5 6 7 8
K
3
Displacement ductility 
MPa units system
rsfyh=0.34MPa
rsfyh=2.38MPa
0.025
(b)
0
0.5
1
1.5
2
0 3.4 6.8 10.2 13.6
K
4
Axial compressive stress (MPa) 
(c)
5-8 
 
ececc AfAfkkV
''
43 33.0                                                                                                    (5.2-13) 
 
From definitions shown in Fig. 5.2-5 (b) and (c), the expressions for k3 and k4 can be drawn as: 
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where, m is the displacement ductility. 
 
The most noteworthy difference between Caltrans model and the others lies in that the shear 
resistance by transverse reinforcement is calculated by assuming 45-degree to the inclination 
of the so-called truss mechanism. Based on this assumption, the shear strength by transverse 
reinforcement can be simplified as, 
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Thus, the model can be expressed simply in form of 
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The Caltrans model differs from the other models in that it adopts a composite factor fyhrs to 
define the displacement ductility where the shear strength starts decreasing rather than an 
arbitrary constant in other models. Equation (5.2-17) defines the displacement ductility m at 
which seismic shear design begins to decrease.  
 
7.096.0  yhs frm                                                                                                                    (5.2-17) 
 
Where, fyh and rs are the yielding strength and the volumetric ratio of transverse 
reinforcements, respectively.  
 
ATC-40 model [5.7] 
 
Equations (5.2-18) and (5.2-19) are mathematical expressions of the ATC-40 model.  
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ATC-40 model basically is similar to the UCB model [1.16], but puts stricter limit on the 
shear resistance by concrete, which can be well understood by comparing definitions of 
reduction factors k2 and k5.  
 
UCSD-B model [5.8] 
 
UCSD-B model, as its name goes, is a revision of UCSD-A model aforementioned. In order to 
further take the effects of shear span ratio and longitudinal steel ratio, Kowalsky et al. 
revised the original A model, and proposed a new equation for assessing the shear strength 
for circular concrete column in form of 
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In the equation, c is the neutral axis depth of column section, cov is the thickness of concrete 
cover, k6 through k7 are the factors express effects by the shear span ratio and the 
longitudinal steel amount, respectively, while k8 is the reduction factor for the shear strength 
resisted by concrete. Fig. 5.2-5 shows definitions of the three factors k6 through k8. The main 
revision points can be summarized below. 
 
 
Fig. 5.2-5 Definitions of factors in UCSD-B model 
 
At first, model B recognized contribution by aspect ratio of the column to the shear resistance 
by concrete, while this contribution has been adopted in Japanese seismic design code [2.3] 
since 1980s. As defined in Fig. 5.2-6, the shear strength carried by concrete struts shall 
increase along with low shear span ratio, because adjacent members tend to provide an 
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additional confinement to columns. Theoretically, this confinement effect will become 
significant as shear span ratio decreases.  
 
The second revision point lies in consideration of the effect of compressed concrete on the 
truss mechanism. Kowalsky and Priestley presumed that shear force couldn’t be transferred 
across a shear crack closed by high axial load to cause tension strain in the transverse 
reinforcements, in other words, a diagonal crack is able to only mobilize transverse 
reinforcements crossing the unclosed crack length extending the full width of confined core 
concrete. As shown in Fig. 5.2-6, based on this presumption, they advocated that the actually 
mobilized transverse reinforcements just extended to the range of reduced columns with 
diameter of D-c-cov [5.11].  
 
 
Fig. 5.2-6 Effect of compressive zone on the truss mechanism [5.12] 
 
 
Fig. 5.2-7 Comparison of seismic shear strength by current representative models 
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the concrete shear strength, because the more the longitudinal bars, the stronger the dowel 
action, the less the concentrated cracks that generally results in reduction of interlock action 
between concrete and aggregate, and the more the compressive zone in column section 
which helps transferring of shear stress.  
 
In order to see the difference among above-reviewed models, these models are applied to 
predict the seismic shear strength of a sample circular column tested by Ang et al [1.14, 5.12]. 
Details of the sample column are given in Fig. 5.2-7 along with the calculated results.  
 
Large scatter can be found among the calculated shear strengths from Fig. 5.2-7. The 
difference in nominal shear strength is as large as 30%, and the difference in residual shear 
strength is beyond 150%.  
 
 
Fig. 5.2-8 Representative definitions of displacement ductility  
 
The most important problem inherent in these models is that they are all defined as function 
of displacement ductility. It is the displacement ductility that causes ambiguity and difficulty 
in predicting seismic shear strength at large deformation. It has been well known that the 
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displacement (u). However, the definitions has not gained consensus in research 
community. According to the previous researches [5.13-5.15], there are at least three kinds of 
definitions for the yield displacement, including 0.75 ideal flexure method, initial stiffness 
method and equivalent energy method as shown in Fig. 5.2-8. These definitions are strongly 
dependent upon the ideal flexure strength calculated by the current codes, though to authors’ 
knowledge, there has not been a reliable design equation for directly evaluating the ideal 
flexure strength of circular concrete columns. Similarly, for the ultimate displacement, there 
are at least four definitions, the displacements corresponding to the peak-strength, 0.85, 0.9 
and 0.95 times of the ultimate strength, respectively. Except for the peak-strength 
displacement, the other definitions do not have clear physical meaning and have defined 
arbitrarily by respective researchers, which no doubt reduces significantly reliability of the 
ultimate displacement.  
 
In fact, as shown in Fig. 5.2-8 (d) and pointed out by Priestley et al. [5.16], the ductility of 
concrete member will be affected by many factors such as structural geometry, axial load 
ratio, and reinforcement ratio and so on. Therefore, it is hard to accurately define the 
displacement ductility, which in fact does not represent damage degree of concrete members.  
 
Based on the above-mentioned observations, there are at least two issues as to seismic shear 
strength model needed to be addressed: 1) how to associate the seismic shear strength at 
large deformation with damage degree of concrete member? 2) how to evaluate the 
contribution of high-strength transverse reinforcement to shear resistance? 
 
 Since displacement ductility is just an indicator measuring reduction ratio of earthquake-
induced inertial loading, a new factor which can measure damage degree should be 
introduced in the calculation of shear strength at large deformation. 
 
Since 1990s, to enhance shear strength of concrete members, particularly of those made of 
high-strength concrete, high-strength transverse reinforcements have gained more and more 
applications in concrete buildings. Several previous researches [5.15-5.18], however, have 
shown that using high-strength transverse reinforcement can provide certain expected shear-
resistance effect and be effective in controlling expansion of diagonal crack, but high-
strength transverse reinforcement seldom reached its yield strength (fyh) at large deformation, 
much less at the peak strength. This fact means necessity to put an upper limit on the yield 
strength available in calculating the shear strength by transverse reinforcement. Some 
institutes have tried to fix this issue. For instance, in ACI 318 code, while the upper limit of 
420MPa for shear reinforcement has been raised to 560MPa for welded deformed wire 
reinforcement, the yielding strength of other types of transverse reinforcements are still kept 
under 420MPa. 500MPa was the upper design limit of fyh recommended in NZS 3101 code. 
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On the other hand, 687MPa (7000kg/cm2) has been proposed by Sakino et al. [5.19] to be the 
upper limit of fyh in calculating the confinement effect of rectangular transverse 
reinforcement on concrete. Among those proposed upper limits, the most suitable one needs 
to be investigated. 
 
 
Fig. 5.3-1 Distribution of main structural variables in the database 
 
5.3  Development of a new complete shear strength model 
 
5.3.1 Outlines of database 
 
Due to aforementioned difficulties and ambiguity in precious models, a new shear strength 
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subjected to  cyclic loading and tested in USA, New Zealand, and Japan were collected. 
These test columns come from the researches [5.20-5.32] having been conducted in the past 
30 years and can be divided into three failure modes based on the criteria by PEER [5.32], i.e., 
shear failure(S), flexure failure (F) and flexure-shear failure (F-S).  
 
Table 5.3-1 summarizes the main experimental variables in these tests and their variation 
ranges, while Fig. 5.3-1 shows the distribution of main structural variables along with failure 
modes. It can be seen from Table 5.3-1 that these previous columns covered very wide ranges 
of important factors such as shear span ratio, concrete strength, axial load ratio, and steel 
amount. 
 
Table 5.3-1 Main parameters and varying ranges in the database 
 
 
It is noteworthy from Fig. 5.3-1 that use of high-strength transverse reinforcement cannot 
certainly assure flexure failure as expected. A lot of test columns confined by circular spirals 
with yield strength over 1200 MPa still failed in brittle shear, which strongly suggests the 
necessity of putting an upper limit on the yield strength of high-strength transverse 
reinforcements in calculating shear strength by them. Besides, utilization of high-strength 
longitudinal reinforcing bars may also lead to brittle shear failure, while the larger the 
transverse steel amount, the higher the possibility of ductile flexure failure.  
 
It is interesting, however, to note that of eighty eight columns failing in brittle shear, neither 
columns having concrete strength larger than 50 MPa nor columns whose shear span ratios 
were larger than 3.0 existed.  
 
To better understand the effects of primary structural factors on failure modes of circular 
concrete column, all test results are plotted in Fig. 5.3-2. Fig. 5.3-2 shows relationship 
between the shear span ratio and the steel amount of transverse reinforcement, both of 
which are of fundamental importance to failure modes. The dotted tri-linear line 
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superimposed in Fig. 5.3-2 is drawn to define potential critical boundary of combination of 
the shear span ratio and the necessary transverse steel amount, which assures that circular 
concrete column can be prevented from brittle shear failure. This tri-linear relationship can 
be written as follow: 
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where a is the shear span, and D is the diameter of circular section. The lower bound 0.4% for 
the necessary transverse steel amount corresponds to that recommended in current Japanese 
seismic design code [2.3].  
 
As apparent from Fig. 5.3-2, when the combinations of the shear span ratio and the 
transverse steel ratio were beyond the boundary defined by equation (5.3-1), while some test 
columns were observed failing flexure-shear failure, which had certain ductility, no columns 
were observed failing in brittle shear. 
 
 
Fig. 5.3-2 Relationship between shear span ratio and volumetric ratio of shear reinforcement 
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Fig. 5.3-3 Outlines and summarizes of the new shear strength model 
 
5.3.2 Outlines of the complete shear strength model 
 
To overcome all disadvantages in previous models, a new tri-linear model will be proposed 
to predict seismic shear strength of circular concrete columns at large deformation. Fig. 5.3-3 
shows outlines of the model. As one can see from Fig. 5.3-3, the new model distinguishes 
from the previous models in that it defines the seismic shear strength as a function of drift 
ratio of column in lieu of ambiguous displacement ductility. It is this definition that enables 
the new model to associate shear strength with damage degree of column. 
 
In order to determine the complete shear strength model, one needs to fix four parameters. 
They are the initial nominal shear strength, the drift ratio where shear strength starts to 
decrease, the slope of shear strength descending branch, and the residual shear strength at 
very large drift ratio. Mathematical expressions for these four parameters will be derived in 
the following several sections, respectively. 
 
5.3.3 Initial nominal shear strength Vi 
 
As reviewed above, all of the previous models adopted the concept of truss mechanism, and 
the initial shear strength has been derived by adding up the shears resisted by the concrete, 
the transverse reinforcement, and the axial compression. However, as observed in many 
damaged concrete columns in recent earthquakes, brittle shear failures often occurred 
abruptly along one  predominant diagonal shear crack, which generally penetrates the 
column section by about 45-degree with respect to the column axis. This fact implies that the 
realistic truss mechanism is hard to form during earthquake.  
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Fig. 5.3-4 Concept of shear-resistant mechanism and failure criterion of concrete 
 
Based on lessons learnt from previous earthquakes, one can reasonably assume that the 
shear force induced by earthquake is mainly resisted by the concrete and the transverse 
reinforcement along a predominant diagonal shear crack. Miyake et al. [5.33] have adopted 
this assumption. This paper will adopt this assumption to evaluate the initial shear strength.  
 
Several assumptions are made in deriving expression for the initial shear strength Vi as listed 
below. 
1) Shear failure occurs along the predominant shear crack plane having an inclination of 45-
deg with respect to the column axis. 
2) The ratio of compressive strength to tensile strength of concrete can be approximated as 
10. 
3) Concrete under shear-compressive biaxial stress states follows the Mohr-Coulomb failure 
criterion.  
4) The tensile longitudinal reinforcing bars will internally balance the compressive 
longitudinal bars crossing the diagonal shear failure plane. 
 
To develop initial shear strength, let’s consider the equilibrium of forces acting along the 
diagonal shear failure plane. The equilibrium of forces along X and Y direction can be 
written as  
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Based on the basic assumptions above-mentioned, the initial shear strength can be derived as, 
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where n is the axial load ratio, and vc is the reduction factor for concrete strength. Calibrated 
through the test results of eighty eight specimens failing in shear, the vc can be predicted by  
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Fig. 5.3-5 Relationships between degradation-starting drift ratios and main structural factors 
 
5.3.4 Degradation-starting drift ratio Rs 
 
The shear strength degradation-starting drift ratio is obviously affected by many structural 
factors. Since the shear strength resisted by transverse steels tends to remain constant till 
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large deformation, the strength degradation can be attributed to the deterioration of 
resistance by concrete. From this viewpoint, among many factors, the volumetric ratio rs of 
transverse steel or the lateral confinement factor Ic (=fyhrs/fc’) can be presumed to be suitable 
candidate parameters. 
 
Fig. 5.3-5 shows relationships between the experimental Rs measured in eighty eight columns 
failing in shear and various factors. As anticipated, rs and Ic exhibit highest correlations with 
the measured results of Rs. When compared with the lateral confinement factor Ic, the 
volumetric ratio rs of transverse steel shows a little higher correlation coefficient, because the 
Ic shown in Fig. 5.3-5 has been calculated using the actual yield strength of circular spirals, 
some of which had yield strength beyond 1200 MPa as listed in Table 5.3-1.  
 
Fig. 5.3-6 concentrates on influence of the yield strength on relationship between the 
measured Rs and the lateral confinement factor Ic. The three cases in Fig. 5.3-6 correspond to 
Ic obtained by limiting the yield strength to the recommendations of 420MPa, 550MPa, and 
687MPa, respectively.  These three values have been recommended by ACI code, NZS3103 
code, and Sakino et al. respectively. Putting an upper limit to the yield strength of transverse 
steels greatly upgraded the correlation between the measured Rs and the factor Ic, and Sakino 
et al’s recommendation gave the highest correlation coefficient. From these observations and 
from Fig. 5.3-5, the Rs can be best fitted by the following equation. 
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It shall be noted that the yield strength of transverse reinforcement is taken less than 687MPa 
(7000kg/cm2) in calculating the degradation-starting drift ratio by equation (5.3-6). 
 
 
Fig. 5.3-6 Influence of yield strength on relationship between Ic and Rs 
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5.3.5 Residual shear strength Vr 
 
It is well know that concrete exhibits strain-softening behavior at large compressive strain, 
which is the inherent reason for gradual degradation in axial and lateral and diagonal 
resistance observed in concrete members. If core concrete of circular concrete column is 
soundly confined, coupling with the axial compression, concrete along the diagonal shear 
failure plane can provide certain residual shear strength (Vrc) at large deformation of 
reversed cyclic lateral loading. According the stress-strain model proposed by Kent and Park 
[5.34], the residual compressive concrete strength at large strain can maintain 0.2times of its 
peak strength. Similar results were also verified in the other researches [5.35-5.37]. 
 
Since shear failure tends to occur on the predominant diagonal plane crossed by shear crack,   
the inclination angle of shear failure plane remains constant, and the shear resistance by 
transverse reinforcement will maintain constant till large deformation. Therefore, the 
residual shear strength can be written in form of, 
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Fig. 5.3-7 Relationships between the measured slope and main structural factors 
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From equation (5.3-7) one can see that the residual shear strength Vr differs from the initial 
shear strength Vi only in the shear resistance by concrete. The former is 0.2 times of the latter.  
 
5.3.6 Slope of the descending branch k  
 
During seismic shear strength experiences degradation along with deformation, the diagonal 
shear failure plane tends to slide along the shear cracked plane. Therefore, it is reasonable to 
presume that the dowel action by longitudinal reinforcing bars plays more effective role in 
resisting this sliding than the other structural factors. 
 
Fig. 5.3-7 displays relationships between the slopes of descending branches, measured in 
eighty eight circular columns failing in shear described in the database, and several 
structural factors that are anticipated to somewhat influence the descending rate in shear 
strength. The k factors are normalized with the shear strength resisted by concrete initially 
Vci as given in equation (5.3-4). 
 
It is apparent from Fig. 5.3-7 that the longitudinal steel factor Ir (=fygrg/fc’) significantly 
influences the degradation rate of shear strength as anticipated, and it exhibits so high a 
correlation with the slope of descending branch as the correlation coefficient is beyond 0.70. 
Then the slope k can be obtained by equation (5.3-8). 
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In equation (5.3-8), rg and fyg are the steel amount and the yield strength of longitudinal 
reinforcements, respectively. The complete expressions for the proposed shear strength 
model are summarized in Fig. 5.3-3. 
 
5.4 Verification of the proposed model 
 
5.4.1 Comparisons of initial nominal shear strength 
 
Table 5.4-1 lists the statistical data of comparisons between the measured nominal 
(maximum) shear strength and the theoretical results by the proposed model along with 
those calculated by the other previous models. The statistical data includes average, 
standard deviation, maximum, and minimum of the theoretical-to-experimental ratios. 
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It can be seen from Table 5.4-1 that equation (5.3-4) gives better predictions of the 
experimental shear strengths than the other models. Combining with the upper limit put on 
the yield strength of transverse reinforcement, the ratio of the theoretical prediction to the 
experimental result has a mean value of 0.98, and standard deviation of 0.15, which implies 
that accuracy of the proposed equation is enough for design. 
 
Table 5.4-1 Comparisons between the experimental shear strength and the theoretical ones 
 
 
 
 
Fig. 5.4-1 Comparisons between the measured and theoretical Rs 
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Caltrans 1.38 0.38 3.2 0.88 1.6 0.36 3.2 0.9 1.55 0.35 3.2 0.9 1.49 0.33 3.2 0.9
ATC-40 1.16 0.26 1.9 0.67 1.31 0.25 1.93 0.78 1.28 0.24 1.93 0.78 1.24 0.23 1.93 0.8
UCSD-B 1.06 0.27 1.8 0.45 1.13 0.26 1.77 0.52 1.12 0.26 1.82 0.54 1.1 0.26 1.77 0.5
ACI-318 1.34 0.41 2.7 0.54 1.56 0.33 2.65 0.98 1.51 0.32 2.65 0.94 1.45 0.33 2.65 0.8
ASCE/ACI 426 1.15 0.49 2.8 0.37 1.32 0.42 2.78 0.59 1.3 0.4 2.78 0.63 1.24 0.42 2.78 0.6
Proposed 0.92 0.17 1.5 0.57 1.03 0.17 1.53 0.69 1.01 0.16 1.5 0.69 0.98 0.15 1.5 0.7
Measured strength f yh≤420MPa f yh≤500MPa f yh≤687MPa
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Table 5.4-2 Main variables of the representative columns by Ang et al. 
 
 
 
Fig. 5.4-2 Comparisons of the previous models and the experimental curves 
 
5.4.2 Comparisons of degradation-starting points 
 
The theoretical degradation-starting drift ratios computed by equation (5.3-6) are compared 
with the experimental measured results in Fig. 5.4-1. For comparison, the theoretical results 
by some other models are also shown in Fig. 5.4-1. Since the other models predict the 
degradation-starting deformation in terms of displacement ductility, comparisons for them 
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are expressed in the same terms. Two theoretical cases are shown in Fig. 5.4-1. One 
represents the theoretical prediction using the actual yield strength of transverse 
reinforcement, and the other limiting the yield strength to 687MPa. Apparently, the 
theoretical results agreed satisfactorily well with the test results. The ratio of the theoretical 
prediction to the experimental result has a mean value of 1.00, and standard deviation of 0.33. 
 
5.4.3 Comparisons of the whole relationship between shear strength and drift ratio 
 
To examine the total accuracy of the proposed models, the predicted lateral force versus drift 
ratio or displacement ductility relationships of four columns tested by Ang et al. are 
compared with their experimental results. These four columns represent typical columns 
failing in shear, and their displacement ductility can be calculated. Table 5.4-2 shows 
experimental parameters of these circular columns. At first, the theoretical envelop curves by 
the previous models are compared with the test curves in Fig. 5.4-2. 
 
 
Fig. 5.4-3 Comparisons between the proposed model and the experimental curves 
 
Large scatters among the theoretical results and discrepancies between the theoretical curves 
by the previous models and the test results can be clearly seen from Fig. 5.4-2. However, 
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analytical results by the proposed model, one can see very good agreement up to large 
deformation. The proposed model predicts the experimental results well in main aspects, 
including the overall envelop of shear strength versus drift ratio relationship, the tendency 
of degradation in shear strength along with lateral deformation, as well as residual shear 
strength.  
 
5.4.4 Quantitative comparison of predication errors and energy dissipation capacity  
 
To further verify validity and advantage of the proposed model over the previous models, 
the areas under the theoretical envelope curves are calculated and compared with the test 
areas for all test columns failing in shear. The targeted area is that measured post-peak, and 
two factors are introduced to measure accuracy of the theoretical predictions.  
 
 
Fig. 5.4-4 Definition of evaluation error factor 
 
Fig. 5.4-2 and Fig. 5.4-3 have evaluated and compared previous and proposed shear 
degradation models roughly, more detailed and quantitative comparisons between them 
were expected. To quantify the evaluation of all the models, an error factor () was defined 
as shown in Fig. 5.6-4. Where, error area (Ai) was defined as a series regions encircled by 
predicted model curve and experimental curve from experimental degradation start ductility 
(or drift ratio) to end of test.  is fraction, which using total error area (Ai) as numerator and 
experimental area (Aexp) as denominator constituted by experimental curve and axis of 
ductility (or drift ratio). Statistic and distribution comparisons of the error factors of 
predications of various models were presented in Table 5.4-3, respectively. Results show that 
compared with other models, models of Caltrans, ATC-40 and proposed model have more 
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reasonable average values and maximum of error factor, from statistical analysis of error 
factor, and also have  more reasonable error factors distribution than other models, 
especially for the evaluations with error factor over 1.0. However, for evaluations with error 
factor under 0.5, proposed model exhibited more reasonable predication results than others. 
 
Table 5.4-3 Comparison of error factors of predictions of previous and proposed models 
 
 
 
Fig. 5.4-5 Comparison of evaluation of energy dissipation capacity 
 
Similarly, experimental (Eexp) and predication (Ecal) energy dissipation capacities from 
various models were defined and compared from experimental degradation lateral 
displacement to end of test, as shown in Table 5.4-4 and Fig. 5.4-5. Similar results were 
founded as the evaluation by error factor in these models, which indicated that the proposed 
model can evaluate energy dissipation capacity of circular concrete columns with a good 
agreement.  
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Fig. 5.4-6 Comparison of energy dissipation between experiment and predications 
 
Table 5.4-4 comparison experimental and predicted energy capacity from various models 
 
 
5.5 Application of the proposed model in resilient circular concrete 
columns 
 
The proposed shear strength model will be used to predict the possibility of shear failure of 
resilient circular concrete columns. Fig. 5.5-1 and Fig. 5.5-2 show the proposed model along 
with the measured hysteresis loops of the test columns confined by spirals, as described in 
Chapters two and three, respectively.  
 
As obvious from Fig. 5.5-1, the proposed seismic shear strength envelops for resilient circular 
cantilever columns all exceed the measured hysteresis loops till the end of tests, which 
implies no possibility of shear failure until the ultimate deformation, and coincides with the 
performance observed during the tests.  It can also be noted from Fig. 5.5-1 that the smaller 
the shear span ratio, the higher the possibility of shear failure at large deformation. 
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Fig. 5.5-1 Prediction of possibility of shear failure of resilient cantilever columns 
 
The same phenomenon can be observed from Fig. 5.5-2, which shows comparisons for the 
circular columns under double curvature deformation.  As one can see from this figure that 
for the specimen DRS20N15C70 made of high-strength concrete and under low axial load, 
the proposed model predicted the drift ratio where shear failure was observed very 
accurately. But it should be kept in mind that while resilient circular concrete column may 
fail in large deformation, behavior after shear failure was not as brittle as conventional 
concrete columns failing in shear. 
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Fig. 5.5-2 Prediction of possibility of shear failure of columns under double curvature 
 
5.6 Conclusions 
 
In this chapter, a complete seismic shear strength model was developed to directly evaluate 
shear degradation with increasing lateral drift ratio for resilient circular concrete columns. 
The proposed model has advantages over the previous models in two aspects:  
 
1) The proposed model can calculate the seismic shear strength for circular concrete columns, 
both ductile and resilient, without transforming circular section into equivalent 
rectangular section, and avoiding calculation error. 
 
2)  The model defines shear strength as function of drift ratio, which enables one to associate 
shear strength with damage degree a concrete column may experience.  
In order to verify validity and accuracy of the proposed model, numerous tests conducted 
previously by many researchers over the world have been collected. Through 
comparisons of the experimental results and the theoretical predictions by the proposed 
model, the following conclusions can be drawn: 
 
(1) The initial nominal shear strength of circular concrete columns, ductile and resilient, can 
be predicted every well by the model, if putting an upper limit 687MPa (7000kg/cm2) to 
the yield strength of circular spirals or hoops. 
 
(2) The shear strength degradation-starting drift ratio can be reasonable and accurately 
evaluated by the lateral confinement factor Ic, which expresses confinement degree by 
transverse reinforcement with respect to the compressed concrete.  
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(3) Only considering strain-softening effect of concrete can predict the residual shear strength 
of circular concrete columns at large deformation very well, which greatly simplify 
expression for the residual shear strength. 
 
(4) The slope of descending branch in complete shear strength model depends primarily on 
the degree of dowel action by the longitudinal reinforcing bars. The proposed equation 
(5.3-8) can trace the shear degradation along with deformation very well. 
 
(5) The proposed model can open a new way for structural engineers to conduct reasonable 
and reliable shear design for ductile and resilient circular concrete columns, imaging 
damage degree at the stage of design.  
 
  
5-31 
 
References  
 
[5.1]  Andreas Kappos，G.G. Penelis, Earthquake Resistant Concrete Structures, CRC Press, 572pp. 
[5.2]  Park R, Paulay T, Reinforced concrete structures, John Wiley & Sons. New York, N.Y.1975. 
[5.3]  Sun YP, Cai GC, Takeuchi T, Seismic Behavior and Performance-Based Design of Resilient 
Concrete Columns, Applied Mechanics and Materials 2013, 438-439:1453-1460. 
[5.4] Architecture Institute of Japan, Design Guideline for Earthquake Resistant Reinforced Concrete 
Building Based on Ultimate Strength Concrete,1988,pp337. 
[5.5] Priestley MJN, Verma R, Xiao Y. Seismic Shear Strength of Reinforced Concrete Columns. 
Journal of Structural Engineering ASCE 1994; 120(8): 2310-2329. 
[5.6] Caltrans. Memo to Designers Change Letter 02. Sacramento, Calif. California Department of 
Transportation; 1995.  
[5.7] Applied Technology Council. Seismic Evaluation and Retrofit of Concrete Buildings Volume 1. 
Calif. (Redwood City) 1996; Report No. SSC 96-01  
[5.8] Kowalsky MJ, Priestley MJN. Improved Analytical Model for Shear Strength of Circular 
Reinforced Concrete Columns in Seismic Regions, ACI Struct J 2000; 97(3): 388-396. 
[5.9] Mander JB, Priestley MJN, Park R, Seismic Design of Bridge Piers, Report No.84-2, Department 
of Civil Engineering, University of Canterbury, Christchurch, 1984, 483pp. 
[5.10] Priestley MJN, Park R, Strength and Ductility of Concrete Bridge Columns Under Seismic 
Loading, ACI structural Journal, 1987,84(1):61-76 
[5.11] Kowalsky MJ. Priestley MJN, Seible F, Shear behavior of lightweight concrete columns under 
seismic conditions, Report SSRP-95/10, Structures division, Univ. of Calif. San diego, Calif. 1995. 
[5.12] Ang BG, Priestley MJN, Paulay T. seismic shear strength of circular bridge columns. Research 
Report No.85-5. Department of civil Engineering, University of Canterbury, Christchurch; 1985  
[5.13] Sheikh SA, Khoury SS, Confined concrete columns with stubs, ACI structural Journal 
993,90(4)7414-431. 
[5.14] Priestley MJN, Performance based seismic design, 12WCEE,2000,pp:1-22 
[5.15] Wang QX, Zhao GF, Lin LY, Ductility of high strength reinforced concrete columns, Nuclear 
Engineering and Design,1995, 156: 75-81 
[5.16] Guimares GN, Kreger ME, Jirsa JO, evauation of Joint-Shear Provisins for Interior Beam-
Columns-Slab Connections Using High Strength Materials, ACI Structural Journal 1992,89(1):89-
98 
[5.17] Griezic A, Cook WD, Mitchell D, Test to Determine Performance of Deformed Welded-Wire 
Fabric Strirrups, ACI Structural Journal 1994,91(2):211-20. 
[5.18] Furlong RW, Fenves GL, Kasl EP, Welded Structural Wire Reinforcement for Columns, ACI 
Structural Journal 1991,88(5):585-91 
[5.19] Sun YP, Sakino K. Stress-Strain curve of concrete confined by rectilinear hoop, Journal Structural 
and Construction Engineering-AIJ 1994; (461): 95-104. [In Japanese] 
[5.20] Yamanobe K, Kokusho S et al. Experimental study on shear strength and deformation 
characteristics of reinforced concrete circular columns subjected to shear and bending. 
Summaries of technical papers of Annual Meeting of AIJ 1982; (57):1247-1248. [In Japanese] 
5-32 
 
[5.21] Itou M, Fukuda T et al. Experimental Study on Load-Deflection Characteristics of Circular 
Columns Part 2. Summaries of Annual Meeting AIJ 1986; Structures II: 405-406.  
[5.22] Korenaga T, Kobayashi J, Komuro T et al. Shear Behavior of RC pile next to a place that is 
reinforced with steel rod PC variant. Proc. of JCI 1998; 20(3): 427-432. [In Japanese] 
[5.23] Nagae T, Katori K, Hayashi S. Study on Application of High-Strength Shear Reinforcement to 
Reinforced Concrete Pile. Proc. of JCI 1999; 21(3): 403-408. [In Japanese] 
[5.24] Sako Y, Yamada K et al. Effect of Shear Span to Depth Ratio on Shear Behavior of Cast-in-Place 
Reinforced Concrete Pile. Proc. of JCI 2000; 22(3): 673-8. [In Japanese]  
[5.25] Sako Y, Yamada K et al. influence of material configuration on the shear behavior of reinforced 
concrete members with circular cross-section. Proc. of JCI 2001; 23(3): 181-6. [In Japanese]  
[5.26] Yamamoto,T., Yamada,K., Yano, S., Experimental Study on Shear bending of reinforced concrete 
circular member, Proc. of JCI 2001; 23(3): 187-192. [In Japanese] 
[5.27] Yamamoto T, Yamada K, Yano S. Bending shear behavior of Circular RC columns using high-
strength shear reinforcement. Proc. of JCI 2002; 24(2): 181-6. [In Japanese] 
[5.28] Kim D, Nagae T, Katori Ket al. Effect of RC cross-sectional shape of the pillar on the damage 
process and ultimate performance. Proc. of JCI 2002; 24(2): 205-210.[In Japanese] 
[5.29] Yano S, Yamada K, Yamamoto Tet al. Evaluation of Earthquake Resistant Ability of Reinforced 
Concrete Circular Member: Part 4 . Summaries of technical papers of AIJ 2002; C-2(II): 337-8 [In 
Japanese] 
[5.30] Yamada K, Yamamoto T, Okada A. Bending and shear behaviour of reinforced concrete 
members of different cross-sectional shape. Proc. of JCI 2002; 25(2): 217-222.[In Japanese] 
[5.31] Kim J, Zhu HJ, Tani M, Sun YP. Accuracy verification of ultimate strength calculation formula of 
circular RC columns, Proc. of JCI 2011; 33(2): 193-8.[In Japanese] 
[5.32] PEER Structural Performance Database, January 2004, http://nisee.berkeley.edu/spd/. 
[5.33] Sun YP, Miyake Y. Proposed calculation formula of ultimate shear strength of RC circular cross-
section column. Proc. of JCI 2005; 27(2): 229-234.[In Japanese] 
[5.34] Kent DC, Park P. Flexural Members with Conﬁned Concrete. Journal of the Structural Division, 
ASCE, Vol. 97, ST7, pp. 1969-. 1990, July 1971. 
[5.35] Mander JB, Priestley MJN, Park R. Theoretical stress–strain model for confined concrete. J Struct 
Eng 1988;114(8):1804–26. 
[5.36] Bahn BY, Hsu CTT. Stress-strain behavior of concrete under cyclic loading. ACI Mater J 
1998;95(2):178-92. 
[5.37] Cusson D, Paultre P. Stress–strain model for confined high strength concrete. Journal of 
Structural Engineering 1995;121:468–77. 
 
6-1 
 
 
CHAPTER SIX 
 
Proposal of Seismic Design and Evaluation Method 
of Resilient Circular RC Members  
 
 
6.1 Introduction 
 
In the building structures, ductile RC members usually go through their serviceability and 
repairable limits, before reaching their safety limits, as shown in Fig. 6.1-1. During this 
process, there are several critical points drawing attention of structural engineers; they are 
in sequence the occurrence of flexure crack and flexure-shear crack, development of the 
cracks, the yielding of reinforcing bars, the spalling of concrete shell, the fracture of 
transverse steels, and the compressive crushing of core concrete.  
 
For resilient circular concrete columns reported previously, however, due to the yielding of 
high strength reinforcing steels were postponed, with increasing of lateral deformation, 
lateral force can keep increasing till large lateral deformation level. It is obvious that the 
current ultimate capacity design method isn’t suitable for seismic design of resilient 
concrete columns. Instead, since resilient concrete columns exhibit drift-hardening 
performance as verified in Chapters two and three, the performance-based or deformation-
based design methods are good candidate to design high resilient RC members. To conduct 
performance-based seismic design of resilient concrete columns, modeling of the capacity 
curve, which is envelope curve of hysteresis response, and the hysteresis loop are 
indispensable.  
 
Furthermore, to help engineers to predict the repair cost and feasibility of damaged resilient 
concrete columns after earthquakes, the maximum crack width and residual crack width 
should be evaluated quantitatively. 
 
Objectives of this chapter are, 1) to model the envelop curve of hysteresis loop for resilient 
circular concrete columns, 2) to develop cyclic laws for the hysteresis loop, and 3) to attempt 
to develop evaluation equations for the maximum and residual crack width. These 
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equations for measuring crack widths are basically revisions of the evaluation method by 
the current AIJ design guideline. 
 
 
Fig. 6.1-1 Envelope curves and various limit situations of concrete members  
 
6.2. Modeling of V-R envelope curve of resilient concrete columns 
 
Based on the experimental observations made in Chapters two and three, the envelope curve 
of hysteresis loop for resilient circular concrete columns can be approximated by a bilinear 
model shown as in Fig. 6.2-1.  The intended model consists of two straight lines, the former 
corresponds to elastic response at smaller deformation, and the latter represents the drift-
hardening response at larger deformation.  
 
To completely determine the bi-linear model, there are four parameters necessary to be 
defined; these parameters are, the initial stiffness (Ki), the second stiffness representing slope 
of drift-hardening response (KR), the drift-hardening starting drift ratio (Rd), and the ultimate 
drift ratio (Ru), where the high-strength reinforcing bars begin to yield or the degraded shear 
strength crosses the drift-hardening branch. 
 
Evaluation equations for these parameters generally can be derived from the test results 
described previously. Since the number of test columns is few, and since there are many 
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other structural factors such as reinforcing steel ratio and shear span ratio possibly affecting 
these parameters, to avoid narrowing applicability of the proposed model, this chapter 
prefers deriving equations through numerical tests to developing empirical ones. The 
numerical analysis methodology presented in Chapter four of this thesis will be used to 
achieve this goal because its’ reliability and accuracy have been verified there. 
 
 
Fig. 6.2-1 Outlines of the proposed envelop curve 
 
Table 6.2-1 Parameters distribution of applied analytic database 
 
where, Km is the amplifying coefficient of confined or unconfined concrete[4.4]. 
 
The circular columns tested in Chapters two and three are selected to be sample columns. 
Main analytical parameters addressed in the numerical tests include the shear span ratio 
(a/D), the applied axial level (n), the concrete compressive strength (fc’), the longitudinal 
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reinforcement ratio (rg), and the strength enhancement ratio for confined concrete (K), as 
listed in Table 6.2-1. 
 
Among four parameters defining the envelope curve, only mathematical expression for the 
initial stiffness Ki of resilient circular concrete columns will be calibrated by the experimental 
results of ten columns described in Chapters two and three. As shown in Fig. 6.2-2, the 
experimental initial stiffness was defined as the secant stiffness connecting the origin with 
the point where the flexure crack was firstly observed. The expressions for the other three 
parameters, including KR, Ru and Rd are going to be developed through the numerical results. 
Deriving process and result for each key parameter are given below in sequence. 
 
 
Fig. 6.2-2 Definitions and determining methods for the key parameters 
 
6.2.1   The initial stiffness 
 
It is well known that for reinforced concrete members subjected to seismic loading, due to 
effect of slip of longitudinal reinforcing bar can be ignored at early stage, their lateral 
displacement consists mainly of displacements due to flexure and shear deformation.  
Therefore, theoretically the initial stiffness Ktheory can be written by equation (6.2-1). Fig. 6.2-3 
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(1) shows flexure and shear deformation of the half of these columns fixed against retain at 
both ends 
 
sf
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V
K

                                                                                                                           (6.2-1) 
 
Considering that the total area of longitudinal reinforcing bars usually is lower than the 
gross area in column sections, the elastic flexure displacement and shear displacement can be 
given by, 
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Where, a is the shear span of column, Ig is the geometrical moment of inertia, obtained from a 
sum of the moment inertia contribution of concrete Ic and moment inertia increment I, of 
longitudinal bars, which can be calculated after all reinforcing bars were transferred into 
equivalent concrete circular ring with internal radius r1 and external radius r2, as shown in 
Fig. 6.2-3. Then Ig can be written in form of  
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Where is a revision factor related to the non-uniform distribution of shear in column 
section, and can be taken as 1.0 for circular columns, G is the transverse elasticity modulus, 
and v is the Poisson’s ratio, which is taken as 0.167 for concrete and 0.3 for steel, respectively.  
 
 
Fig. 6.2-3 Relationship of stiffness-deformation and geometrical moment of inertia 
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Fig. 6.2-4 Initial stiffness effective factor and applied axial load levels in proposals 
 
Expect for the theory initial stiffness, some simplified initial stiffness models have been 
proposed in the past, including, FEMA 356-00[6.1], ASCE 41-07[6.2], ACI 318-11[1.23] 
Paulay/Priestley[6.3] , Khuntia/Ghosh [6.4] and Elwood/Eberhard[6.5] proposals.  
 
These previous empirical formulae were based on a common assumption that the columns 
has a linear variation in curvature over the height, and expressed in a simple form of  
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The factor k in equation (6.2-4) is termed as initial stiffness effective factor, accounting for the 
effect by applied axial load on the initial stiffness. Fig. 6.2-4 shows difference in definitions of 
the k factor in each precious model. As apparent from Fig. 6.2-4, except for the ACI 318(2) 
model, the others presume that the initial stiffness increase along with the axial load level in 
compression. 
 
To further consider the effect of concrete, based on a series of parametric studies, Khuntia 
and Ghosh [6.4] have suggested that the effective factor should not be greater than 0.6, and 
proposed the following equation to evaluate the k factor. 
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In 2009, Elwood and Eberhard [6.5] proposed a model for the k factor to take into account of 
the effects of shear span ratio and axial load level simultaneously in form of 
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Table 6.2-2 Comparison between calculative and experimental initial stiffness 
 
 
To investigate the feasibility and applicability of the theoretical initial stiffness and the 
aforementioned empirical formulae to the resilient concrete columns, Table 6.2-2 and Fig. 
6.2-5 compare the experimental stiffness and the predicted results. When calculating the 
predicted stiffness, the Young’s modulus for concrete are calculated using the equation 
recommended in current Japanese design standard. This equation is written as equation (6.2-
7). The meanings of notations in the equation can be found elsewhere. 
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Model
Ec method EcMeas EcCal EcMeas EcCal EcMeas EcCal EcMeas EcCal
Average 1.32 1.39 0.95 0.99 0.65 0.69 1.06 1.12
St.Dev 0.15 0.13 0.10 0.09 0.12 0.13 0.19 0.18
Maximum 1.57 1.60 1.12 1.14 0.87 0.93 1.56 1.57
Minimum 1.06 1.18 0.76 0.84 0.49 0.49 0.84 0.94
Model
Ec method EcMeas EcCal EcMeas EcCal EcMeas EcCal EcMeas EcCal
Average 1.06 1.12 1.03 1.08 1.09 1.15 1.69 1.78
St.Dev 0.16 0.17 0.18 0.20 0.14 0.12 0.18 0.16
Maximum 1.35 1.45 1.35 1.45 1.34 1.35 1.99 2.02
Minimum 0.80 0.90 0.78 0.79 0.85 0.95 1.34 1.50
 where, Ecmeas and  EcCal  are measured and calculated Young's modulus of concrete, respectively.
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As shown Table 6.2-2 and Fig. 6.2-5, compared with the other models, the ACI 318 (2) 
formula and Paulay/Priestley equation exhibited much better agreement with the test results 
than the other models. The Elwood-Eberhard model tended to underestimate the 
experimental stiffness, while the theoretical stiffness by equation (6.2-1) gave overestimation 
of the test results, as shown in Fig. 6.2-5 and Table 6.2-2. 
 
 
Fig. 6.2-5 Comparisons between the experimental and theoretical initial stiffness 
 
Based on the above observation and for the sake of simplicity, author recommend that ACI-
318 (2) model can be used to calculate initial stiffness of resilient circular concrete columns, 
given by, 
 
3
5.1
a
IE
K
gc
i                                                                                                                              (6.2-8) 
 
where, Ig is the geometrical moment of inertia, defined by equation (6.2-3), Ec is the Young’s 
modulus of the concrete by equation (6.2-7), and a is the shear span.  
 
6.2.2   Deformation capacity corresponding to ultimate lateral force (Ru) 
 
As noted in Chapter two and three, in this study, to protect the safety of technical personnel 
and experimental installations caused by sudden shear failure at high lateral drift, all tests 
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6.2-6, lateral resistance capacity of these columns certainly will degrade from certain drift 
ratio, as described in Chapter five previously.  
 
Generally, for columns with dominant flexure-shear failure, after reinforcing bars reached 
their yielding strength level, lateral force of column will start decrease soon, member will 
produce larger plastic deformation in hinge region, which both will result the residual 
deformation of column sharply increase. It will result the dominant failure type of columns 
start to transfer into shear from flexure failure, when first flexure-shear crack was found at 
the same time, with obvious diagonal 45-degree characteristic. As a consequence, prediction 
of ultimate deformation (Ru) corresponding to yielding of reinforcing steel is important to 
structural seismic performance, especially for the ones located in  Mega-earthquake potential 
regions. 
 
 
Fig. 6.2-6 Ultimate deformation capacity in resilient concrete columns 
 
Fig. 6.2-7 shows the relationship between ultimate drift ratio and various main structural 
factors, including axial load ratio (n), shear span ratio (a/D), concrete compressive strength, 
longitudinal steel ratio, confined concrete compressive enhancing ratio (Kfp), and reinforcing 
ratio from longitudinal steel (Ir). Results show for this ultimate drift ratio, shear span ratio 
exhibited potential linear relationships, as shown in Fig. 6.2-7 (e). With the increasing of 
shear span ratio, the ultimate drift ratio increased linearly. It is conflicting for normal 
concrete columns, for the P- effect will results lateral resistance force decrease in columns 
with large shear span ratio. However, in resilient concrete columns, more effective and larger 
fixation of the end of low bond high strength reinforcement and appropriate slip can make 
longitude reinforcement still keep elastic work situation at high lateral deformation level. 
Based on Fig. 6.2-7 (e), firstly, ultimate drift ratios of resilient circular concrete columns were 
proposed as equation (6.2-9), which were named as Ru(a/D). 
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Fig. 6.2-7 Ultimate drifts ratio and various structural factors 
 
Based on the simulation by equation (6.2-9), considering the effect of axial load ratio on the 
degradation of lateral resistance force of columns, especially for columns with high axial 
load level, the different ratios between analytic ultimate drift ratios and predictions of 
equation (6.2-9) can be presented as Fig. 6.2-8. From presented results, it can be found that 
under the certain axial load level, increasing of axial load will make columns can reach 
higher ultimate drift ratio. When drift ratio exceeds the certain level, however, due to the 
minus influence of the P-effect, increasing axial load will result in lateral force sharply 
decrease. The similar results were presented in previous research of Ref.[2.5]. However, as 
shown in Fig.6.2-8, the effects can be ignored. As a consequence, to simplify the calculation, a 
simple calculative ultimate drift ratio can be proposed, as equations (6.2-10) and (6.2-11). Fig. 
6.2-9 shows the proposed calculation equation can evaluate these ultimate drift ratios with a 
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reasonable aaccuracy. Meantime, it should be noted that equations (6.2-10) and (6.2-11) can 
only be applied to the columns with Ru larger than 4%. 
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Fig. 6.2-8 Effect of axial load level on calculative Ru based on the equation (6.2-9) 
 
Fig. 6.2-9 Comparisons between predictions and analyzed Ru values  
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6.2.3   Second stiffness KR  
 
Generally, for the development of envelop curve of lateral force-deformation of columns 
after initial elastic deformation, main influence factors include axial load ratio, concrete 
compressive strength, and transverse steel ratio and longitudinal steel ratio. On the other 
hand, due to the confusion come from P- effects, the effect of shear span ratio on the 
skeleton curve development of resilient circular concrete columns were investigated via 
comparing the development of moment-drift ratio of these columns. Fig. 6.2-10 shows that 
moment of columns can develop with a little degree when have small shear span ratio. 
Besides, with shear span ratio increasing, the effect of shear span ratio becomes smaller. 
 
 
        Drift ratio (%) 
Fig. 6.2-10 Effect of shear span ratio on moment of resilient circular concrete columns  
 
Based on these, Fig. 6.2-11 compared the relationship between second stiffness and shear 
span ratio or above other variables. Where, the effect of transverse reinforcement on the 
stiffness was presented via confined concrete enhancing ratio (Kfp) cause by the 
reinforcement. Results indicated that compared with other factors, the reducing stiffness 
increase linearly as increasing Kfp and decreasing shear span ratio, longitudinal steel ratio 
and axial load ratio. It should be noted that these variables have high level independence, 
which means the effects on the stiffness development each other. 
 
As a consequence, calculation method of predictions of second stiffness can be firstly 
presented via considering the effect of shear span ratio (a/D) and named as KR(a/D), can be 
given by, 
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And then, as shown in Fig. 6.2-12, predicted results were investigated and revised by 
considering the effect of axial load level, confined concrete compressive enhancing ratio and 
longitudinal steel ratio, orderly, and named as KR(a/D, n) KR(a/D, n,Kfp) and KR , respectively. They 
were given by equations (6.2-13~15), orderly. Based on the proposed calculation method, 
analytic results were compared with these predicted results, as shown in Fig. 6.2-13. Results 
show that the method can evaluate the second stiffness of resilient circular concrete columns 
with reasonable agreement. 
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Fig. 6.2-11 relationship between second stiffness and main variables 
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Fig. 6.2-12 Numeral fitting considering other factors    
 
 
Fig. 6.2-13 Comparison between proposed model and experimental second stiffness 
 
6.2.4 Modeling of stiffness degradation start drift ratio Rd 
 
As described previously, Rd was obtained by second stiffness curve and initial stiffness curve 
using the proposed method by ACI model. Similar as above noted, with the increase of shear 
span ratio and longitudinal steel ratio, stiffness degradation start drift ratios increase, 
especially a strong linear relation was presented between shear span ratio and the 
degradation drift ratio, as shown in Fig. 6.2-14. As a consequence, in here, to simplify the 
calculation, Rd was proposed as, 
 
 %.06.01.0)/( in
D
a
R Dad                                                                                                 (6.2-16) 
y = -4.0023x + 2.9101
R² = 0.3473
0
1
2
3
4
5
6
0 0.2 0.4 0.6 0.8
A
n
a
ly
ti
ic
 K
R
/K
R
(a
/D
)
Axial load level n
y = 0.7222x - 0.3293
R² = 0.4155
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
0.5 1.0 1.5 2.0 2.5
A
n
a
ly
ti
c
 K
R
/K
R
(a
/D
,n
)
Concrete strength enhancing ratio Kfp
y = 94.965x - 0.9421
R² = 0.7621
-0.5
0
0.5
1
1.5
2
2.5
3
0.00 0.01 0.02 0.03 0.04
A
n
a
ly
ti
c
 K
R
/K
R
(a
/D
,n
, 
K
fp
)
Longitudinal steel ratio
0
1
2
3
4
5
6
0 1 2 3 4 5 6
A
n
a
ly
ti
c
 K
R
(k
N
/m
m
)
Predicted KR (kN/mm)
Pre/Exp
Ave. 0.96
St.Dev 0.65
6-15 
 
 
Fig. 6.2-14 Assumed yielding drift ratio and variables of columns 
 
From the above equation, considering the effect of longitudinal steel ratio, the difference 
development of predications by the equation (6.2-16) was investigated, as shown in Fig. 6.2-
15. Based on the relationship presented in the figure, the stiffness degradation start drift ratio 
can be revised as, 
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Predictions from the calculation equation were compared with experimental result, as shown 
in Fig. 6.2-16. Comparative results show that the model can evaluate the experimental results 
with a good agreement. 
 
 
Fig. 6.2-15 Different analysis of Rassu,cal1 with longitudinal steel ratio 
 
 
Fig. 6.2-16 Comparison between experimental and 
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Fig. 6.2-17 Proposed skeleton model for resilient concrete circular columns  
 
 
Fig. 6.2-18 Comparison between predicted envelop curves and experimental results 
(Concrete compressive strength of 40MPa)  
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Based on the above analyses, the skeleton model curve of lateral force-deformation of 
resilient circular concrete columns can be obtained, as shown in Fig. 6.2-17. To verify the 
accuracy of the model curve, comparison analyses were conducted between experimental 
curve and predicted model curve of seven circular concrete columns in Chapter two and 
three confined by spirals, as shown in Figs. 6.2-18 and 6.2-19. Comparative results show that 
analytic model curve exhibited good evaluative agreement, especially in columns using high 
strength concrete. Predicted skeleton model curves have presented similar evaluation 
accuracy level as analytic results in these columns, as described in Chapter two and three. 
Besides, initial stiffness and second stiffness of these circular columns were evaluated by the 
proposed method. 
 
 
 
Fig. 6.2-19 Comparison between predicted envelop curves and experimental results 
(Concrete compressive strength of 50 and 70MPa)  
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Fig. 6.3-1 Key points of experimental observations in resilient circular concrete column 
 
 
Fig.6.3-2 Modeling of hysteresis loops 
 
6.3  Modeling of hysteresis loops 
 
6.3.1   Experimental observations 
 
As the experimental observations and analysis reported in chapter two and three, using the 
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displacement. Besides, controlled residual deformation and approximate stable energy 
dissipation ability can be provided in these columns. For the hysteresis loops of each column, 
each complete loop exhibits some key and stable characteristics, regardless of target drift 
ratio of lateral loading. As shown Fig. 6.3-1, such as two loops with different target drift ratio 
in column RS20N33C50, they both exhibit 1) the shape and area encircled by hysteretic loop 
are tabular and small, and these loops have parallel incline and decline curves; 2) at post-
peak of each loop, the decline ratio at early stage is approximate as initial stiffness of column; 
3) residual drift ratio Rres is small and increase with a stable ratio with increasing target drift 
ratio of loading. 
 
 
 
Fig. 6.3-3 Residual deformation ratio of columns 
 
6.3.2   Simplified evaluation of energy dissipation  
 
Based on the analyses above, to evaluate in detail seismic response of these columns, a model 
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the model, three key parameters were included, i.e., skeleton curve of members, residual 
deformation ratio () and initial decline ratio of lateral force at post-peak of each loop (). 
Based on the experimental database, Fig. 6.3-3 shown residual deformation development of 
columns using different axial load levels with increasing drift ratio, respectively. As 
illustrated previously, regardless of other structural factor, columns with same axial load 
exhibited same and constant residual deformation ratio, especially between target drift ratios 
of loading of 1% to 4%. Besides, as increasing axial load ratio, larger residual deformation 
ratio was provided in these columns. As shown in Fig. 6.3-4, residual deformation ratio 
increase linearly as the increasing of axial load ratio. In this study, the residual deformation 
ratios of columns with axial load ratio of 0.5, 0.33 and 0.15 are 15%, 10% and 7% of target 
drift ratio of loading, respectively. Based on these above analyses, to simplify calculation of 
model, the residual deformation ratios in resilient circular concrete columns were proposed 
as, 
 
032.023.0  n                                                                                                                                    (6.3-1) 
 
 
Fig. 6.3-4 Residual deformation ratio and axial load ratio 
 
On the other hand, initial decline ratio development of lateral force in each loop with 
increasing target drift ratio of loading was presented in Fig. 6.3-5. Results show that 
regardless the type of column, the decline ratios of these columns reach 20%, averagely.  
Thought at some lower ratios were found at low level drift ratio, larger proposed ratios are 
reasonable for the decreasing of the declined lateral force caused by the amortized 
computation of decreasing ratio to initial stiffness, or considering the spanning of parallel 
decline and incline curve in each loop. Based on these, to simplify modeling of loop, in here, 
y = 22.797x + 3.2198
R² = 0.9747
0
2
4
6
8
10
12
14
16
18
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
R
e
s
id
u
a
l 
d
e
fr
a
to
 

=
R
re
s
/R
m
a
x
(%
)
Applied axail level (n)
6-22 
 
the initial decline ratios of lateral force in resilient circular concrete columns were suggested 
as 0.2, a constant level. 
 
 
Fig. 6.3-5 Initial decline ratio of lateral force in resilient circular columns 
 
 
Fig. 6.3-6 Equivalent viscous damping factor in the model loops 
 
As described previously, in this study, equivalent viscous damping factor was used to 
evaluate the energy dissipation ability of members under seismic loads, as shown in Fig. 6.3-
6. According to characteristic of the above proposed hysteresis loop model, a simple splitting 
was conducted in the area of model loop and areas various parts were shown in Fig. 6.3-7.  
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Fig. 6.3-7 Method of calculation of area of model loops 
 
 
Fig. 6.3-8 Predications and experimental of equivalent viscous damping ratio 
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as follows.  
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Based on the equation (6.3-3), predictions of the equivalent viscous damping factor were 
compared with the experimental results, as shown in Fig. 6.3-8. Results show that the model 
can evaluate the experimental factor with a good agreement, regardless of the type of 
columns, especially at low lateral displacement level. It should be noted that from drift ratio 
of 4%, the model has evaluated experimental results of double curvature columns 
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DRS20N15C70 and DRS20N33C70 too low, which can be attributed to a sharply increased 
plastic deformation caused by obvious shear damage and too wider crack in that time. 
 
 
Fig. 6.4-1 Potential compressive failure length of columns subjected to cyclic loading 
 
6.4 Evaluation method of seismic performance of resilient circular 
members 
 
Based on existing experimental investigations and theoretical analyses database, 
Architecture Institute Japan (AIJ) [1.28] has proposed the evaluation method of seismic 
performance of members in RC structures, including beams, columns, and shear walls. 
Evaluated performances include the relationship between lateral force and deformation, 
various situation limits and energy dissipation ability. For column members, the first is 
mainly include hysteresis restoring force characteristic evaluation of the ones with excellent 
seismic performances and finally were destroyed in the form of flexure damage. The second 
one mainly included evaluation of drift ratio levels, flexure and shear crack situation, and 
compressive failure height corresponding to serviceability, reparability I and II, evaluation of 
drift ratio levels corresponding to 80% maximum lateral force at post-peak and don’t carry 
presupposed axial load. Finally, via same evaluation method as beam members’, energy 
dissipation abilities of columns were evaluated. 
 
Considered the hysteresis characteristic of resilient circular concrete columns, in this study, 
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include maximum crack width and residual crack width development with increasing lateral 
displacement. 
 
6.4.1 The maximum crack width at displacement peak 
 
Based on limited experimental investigations database and assumption of hinge region of 
members (see Fig. 6.4-1), the guideline [1.28] has proposed the evaluation method of flexure 
crack width of members in RC structures. 
 
    sefpeak nnxhRW -max,                                                                                                     (6.4-1) 
 
where, Rf is flexure drift ratio of columns from a total drift ratio deducted shear’s, in this 
study, Rf was taken as drift ratio of columns at early stage (before drift ratio of 2.0) to 
simplify calculation. Wmax,peak is maximum crack width at target drift ratio of columns in each 
loop,  h is depth of columns and x is the height from neutral axis to concrete compressive 
fringe, should be taken as equation (6.4-2) and be greater than 0.2h. 
 
bf
P
x
c
'85.0
                                                                                                                                   (6.4-2) 
 
where, fc’ is concrete compressive strength. P and b are applied axial load and width of 
columns, respectively. In here, for circular columns, b is column’s effective width, which was 
taken as the diameter of columns. ne is the ratio of total crack width to elongation of the 
region, which should be taken as 1.0 in here. Due to the limitation of available experiment 
investigations, the ratio involving the relationship between the maximum crack and total 
crack widths can be suggested in AIJ, as, 
 
S
hns 2
                                                                                                                                        (6.4-3) 
 
where, S is spacing of transverse steel. 
 
Calculative results are investigated via comparing with experimental results, which from 
average crack width of maximum crack widths at two directions before drift ratio of 2%. Due 
to all columns with same diameter, equation (6.4-2) just only is related on the applied axial 
load level of column. Here, investigated results will be presented by the level of applied axial 
load ratio, as shown in Figs. 6.4-2~4.  Results show that at early stage, the model can evaluate 
the crack width development with the drift ratio, regardless of the type of columns and axial 
load level. After drift ratio of 1%, however, all experimental crack widths were evaluated too 
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low, especially for columns with higher axial load level and shear span ratio, as column 
RS20N50C40 shown in Fig. 6.4-4.  
 
 
 
Fig. 6.4-2 Calculative and experimental crack width (n=0.15 or 0.3) 
 
 
Fig. 6.4-3 Calculative and experimental crack width (n=0.33) 
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Fig. 6.4-4 Calculative and experimental crack width (n=0.5) 
 
Based on the above analyses and comparisons, difference ratio of experimental to calculative 
crack width developments of all columns were collected, as presented as Fig. 6.4-5. Results 
show that the difference ratio of columns increased with increasing drift ratio. However, 
though there are some fluctuates can be found after drift ratio of 1%, an approximate 
constant difference ratio level also was presented, i.e. experimental results are 1.8 times of 
calculative ones. As a consequence, as shown in Fig. 6.4-5, predictions from three potential 
relationship equations were compared with each other, to find more reasonable proposal.  
 
 
Fig. 6.4-5 Difference ratio developments of predictions to experimental crack widths 
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After comparative analyses of these predictions, considering of simplifying of calculation, in 
here, a simple linear relationship can be used to revise the difference, with more reasonable 
accuracy, i.e., crack width in the resilient circular concrete columns should be developed as 
equation (6.4-4). Comparative results indicated that the revised model exhibited a good 
evaluation agreement, as shown in Figs. 6.4-6~8. 
 
      seffpeak nnxhRRW - 5.078.0max,                                                                            (6.4-4) 
 
 
Fig. 6.4-6 Comparison between proposed and experimental crack width (n=0.15 or 0.3) 
 
 
Fig. 6.4-7 Comparison between proposed and experimental crack width (n= 0.33) 
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Fig. 6.4-8 Comparison between proposed and experimental crack width (n= 0.50) 
 
 
Fig. 6.4-9 Comparison between proposed and experimental crack width 
 
6.4.2 The residual crack width of resilient  circular columns with LBHSRs 
 
Meanwhile, as noted previously, compared with normal ductile concrete columns, controlled 
and low-degree developments of residual crack width are superiority of resilient circular 
concrete columns, as shown in Fig. 6.4-9. In this study, an obvious result was found that residual 
crack width can be kept a constant level of 0.2 times revised calculative crack width in all 
columns, averagely, as shown in Fig. 6.4-10~12. As a consequence, for the residual crack width 
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(WR) development of columns with LBHSRs, with the increasing of drift ratio of circular 
concrete columns, and can be expressed in form of  
 
     seffR nnxhRRW - 1.016.0                                                                                            (6.4-5) 
 
As shown in Figs. 6.4-10~12, the equation can evaluate the experimental residual crack level of 
all columns with a good agreement, regardless of used concrete types, shear span ratios and 
axial load levels.  
 
 
 
Fig. 6.4-10 Calculative and experimental residual crack width (n=0.15and 0.3) 
 
 
 
Fig. 6.4-11 Calculative and experimental residual crack width (n=0.33) 
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Fig. 6.4-12 Calculative and experimental residual crack width (n=0.5) 
 
6.5 Conclusions 
 
In this chapter, based on the experimental investigations and numerical analyses, a 
simplified envelope curve model and cyclic loop have been developed, to facilitate 
performance-based seismic design of resilient circular concrete columns. In addition, to help 
engineers to predict the repairing cost and performance of resilient concrete columns after 
being hit by mega-earthquakes, formulae for evaluating the maximum and residual primary 
crack width are also derived in reference to the current Japanese design guideline for 
conventional concrete members.  
 
Through comparisons between the experimental results and the analytical predictions 
described in this chapter, the following conclusions can be drawn:  
 
(1) The initial stiffness of resilient circular concrete columns can be accurately evaluated by 
the formula recommended in the ACI code for conventional concrete columns. 
 
(2) The proposed simple envelope curve can give a reasonable prediction to the capacity 
curve of resilient circular concrete columns. The predicted ultimate drift ratios where 
LBHSR begins to yield coincide very well with the experimental results. These facts 
assure high accuracy and validity of the proposed model. 
 
(3) The cyclic loops can be modeled in an extremely simple way, and the developed formula 
to calculate the equivalent viscous damping ratio for resilient circular concrete columns 
does agree very well with the lower limit of experimentally measured results  
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(4) The developed formulae for assessing the maximum crack width and residual crack 
width corresponding to each specific peak drift ratio opens an easy way for structural 
engineer to predict the post-earthquake repairing cost for resilient concrete frames. While 
the accuracy of the proposed formulae in not very high, but is enough to make 
reasonable judgment during the stage of design. 
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CHAPTER SEVEN 
 
Conclusions and Future Works 
 
 
7.1 Conclusions  
 
After experiencing 1995 Kobe earthquake, 2008 Sichuan earthquake, and 2011 East Japan 
earthquake, human societies have gradually recognized importance of post-earthquake 
reparability of building structures as well as urban infrastructures. Of many important 
lessons learnt from these strong earthquakes, the most noteworthy is that conventional 
ductile structures may not be the best solution to buildings located in earthquake-prone 
regions. From the viewpoints of fast recovering of daily life and social order, and reducing 
repairing cost after earthquake, a new type of earthquake-resistant structure system which 
has high resilience is desirable. 
 
Sun et al. have proposed a new type of hybrid concrete structure as one of the candidate 
solutions to the challenges brought up by recent mega-earthquakes, and begun an integrated 
study of seismic performance and evaluation methodology of the proposed structural system. 
This hybrid system consists of resilient concrete frame and energy-absorption devices. The 
core points in their proposed resilient concrete frame lies in the utilization of high-strength 
bars with low-bond strength as longitudinal reinforcing bars in the columns of frame. Unlike 
traditional method to achieve resilience such as using post-tensioned concrete columns or 
walls, Sun’s method just utilizes the low bond-strength of a high-strength bar to delay 
yielding of the longitudinal bar, assuring sufficient resilience to concrete members, in 
particular to columns. This method does not involve any complicated construction measures, 
is simple to be constructed, and has much higher cost performance and reliability of design 
than conventional methods. 
 
The study reported in the thesis is an important part of the aforementioned integrated 
research project. Based on the omni-directionality and sound confinement effect of circular 
columns, this thesis focuses on verification of high resilience and development of 
performance-based seismic design method for circular concrete columns reinforced with 
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LBHSRs and confined by circular spirals or thin steel plates. To achieve the research goals, 
the thesis, after careful and intensive review of previous studies in chapter one, conducts 
experimental and analytical works on seismic behaviors of resilient circular concrete 
columns. Main observations made in Chapter two through chapter six will be summarized 
below as conclusions of this thesis. 
 
In the Chapter two, six cantilever columns reinforced by low-bond high strength (SBPDN) 
reinforcements and two columns reinforced by normal high strength (USD) reinforcements 
were investigated experimentally. Main experimental parameters included shear span ratio, 
axial load level, concrete compressive strength, longitudinal reinforcements and transverse 
confinement methods. The tests described in chapter led to following conclusions about the 
seismic performance of resilient circular cantilever concrete columns.  
 
(1) When reinforced by SBPDN reinforcements, circular concrete columns could exhibit 
stable drift hardening response until drift ratio of 5%, and were able to control effectively 
the residual deformation under a limited level, even when the axial load applied was as 
high as the axial load ratio reached 0.5fc’Ag.   
 
(2)  When reinforced by USD685 reinforcements, columns showed drift hardening effect till 
drift ratio of 3%, but started to decrease their lateral resistance gradually with the rate 
same as the P- effect, and the residual drift ratio also started to increase sharply from 
drift ratio of 3%, where columns reached their maximum lateral resistances along with 
yielding of the longitudinal bars.  
 
(3) Residual drift ratios of the columns with SBPDN reinforcements were kept to 10% and 
10-20% of corresponding maximum drift ratio till drift ratio of 3% and 5%, respectively. 
On the other hand, equivalent viscous damping coefficients of the columns with SBPDN 
bars can be kept as a constant varying between 0.08 and 0.10. For the columns with 
USD685 bars, the residual drift ratio and equivalent viscous damping coefficient both 
sharply increased from drift ratio of 3%, when longitudinal reinforcements reached their 
yielding strength.  Besides, higher axial load ratio and larger shear span ratio seemed to 
result in larger residual deformation and energy dissipation capacity. 
 
(4) As compared with the columns confined by spirals, the columns confined by steel plate 
at region of 1.5D from stub could provide much higher flexure and shear resistances. 
The enhancement ratios of lateral strength were almost 15% at drift ratio of 2% and 
increasing to 20% after drift ratio of 2.5%. 
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Similarly, experimental study on seismic performance of four double curvature high strength 
concrete columns were also conducted, which with different axial load levels, volumetric 
ratio and type of transverse steel, for investigating the seismic behaviors of these double 
curvature circular concrete columns with LBHSRs when longitudinal reinforcements were 
fixed at contra-flexure section, studying the cyclic behavior of the circular concrete columns 
with high strength materials and the effects of confinement way and volumetric ratio on 
their earthquake-resistance behaviors. Main investigation results can be summarizes in 
Chapter three, as, 
 
(1) Though shear failure was confirmed in the columns confined by spirals with axial load 
level of 0.33 at drift ratio of 5%, all columns presented a self-centering hysteresis loops 
with controlled residual deformation and stable lateral force development without sharp 
reduction. 
 
(2) For columns confined by spirals, due to occurring of vertical bond crack from 2.5%, 
reinforcing steel’s bond strain cannot keep continue increase, which results lateral force 
decrease. However, compared with existing double curvature rectangular columns, 
sharp decreasing lateral force hasn’t been found in these columns, especially when axial 
load level is low, as column DRS20N15C70, an increasing lateral force was found until 
drift ratio of 5%. Column DRS20N33C70 reach its maximum lateral force level at drift 
ratio of 3% and can keep 94% maximum level until end of test. 
 
(3) Columns confined by steel plates exhibited stable seismic performance until end of test 
with a stable increasing lateral force and strain of reinforcing steels, and can effectively 
control crack development. 
 
(4) Residual deformation of column with axial load level of 0.15 and columns confined by 
steel plates were controlled under 10% maximum target drift ratio until end of testing. 
For column with axial load level of 0.33 and confined by steel plates, though a sharp 
increasing was found from drift ratio of 4%, the residual level still was controlled under 
10% target drift ratio of column before that time. It can be explained that from drift ratio 
of 4%, a sudden shear crack occurs in this column and results in sharp increasing 
inelastic deformations.  
 
(5) For energy dissipation capacity, all columns exhibited a stable and approximate constant 
energy dissipation level before drift ratio of 4%. And then, some tiny increasing was 
confirmed in them. 
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To reasonably and reliably evaluate overall seismic performance of resilient circular concrete 
columns, a numerical analysis method is presented in Chapter four. The proposed method 
adopts the methodology developed by Funato et al. initially for analysis of resilient square or 
rectangular concrete members. Some modifications are made for it to be applicable to 
circular concrete columns. Core points of the method lie in that it can take into account of 
effects of main structural factors such as confinement effect by transverse reinforcements 
inclusive of conventional spirals and steel plates and bond-slip of longitudinal reinforcing 
bar. While the analysis method is initially intended for circular concrete columns reinforced 
with LBHSRs, it can also simply applied to circular columns reinforced with normal 
deformed bars only if its bond-strength is specified. 
 
To verify validity and accuracy of the numerical analysis method, comparisons between the 
experimentally measured results are conducted with the analytical predictions obtained by 
the proposed method. From the comparisons described in the Chapter four, the following 
conclusions can be drawn: 
 
(1) The theoretical hysteresis loops obtained by the proposed method can predict the 
experimental loops of resilient circular concrete columns very well. For the cantilever 
columns the theoretical envelop curves conservatively predicated the measure one by 10 
to 20%. For the columns under double curvature deformation, difference between the 
calculated envelops and the experimental results was within ±5% up to so large 
deformation as drift ratio equals  to 5%. 
 
(2) As to the residual drift ratio, an important and indispensable indicator measuring the 
reparability and repairing cost of concrete columns after earthquake, the calculated 
results exhibited excellent agreement with the measured ones up to drift ratio of 2%. 
After this deformation level, the theoretical residual drift ratios in some specimens 
tended to underestimate the experimental results, but they could trace the increasing 
tendency of experimental residual drift ratios up to larger deformation. The difference 
between calculated and measured results can be primarily attributed to that the bond-
slip model was initially developed on the basis of pulling-out tests of SBPDN bars 
embedded in concrete having compressive strength of 40MPa and might not be perfect. 
In particular, as shown in Fig. 4.3-5, the residual bond strength max was derived 
through a few test results and obviously needs to be fixed by more follow-up tests.  
 
(3) Due to the reason mentioned in the discussion of residual deformation, the theoretical 
equivalent viscous damping ratios showed very good agreement with the experimental 
result until  drift ratio reached 2%, but exhibited lower values than the measured  
damping ratio from that deformation level on. Despite the difference at large 
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deformation, the calculated results did predict the lower bound of viscous damping ratio, 
providing conservative but reasonable information on energy dissipation capacity of 
resilient circular concrete columns.  
 
(4) The proposed method could predict the steel strain of longitudinal rebars up to large 
deformation, which strongly supported validity and accuracy of the proposed method, 
indicating high reliability in evaluating seismic behavior of resilient circular concrete 
columns. 
 
(5) The concept of extra confinement effect observed in square concrete columns should not 
be applied to circular concrete columns, because the restraining from both moment 
gradient and stiff loading stub adjacent to end section only influences much less 
compressed concrete in circular section than in square section. 
 
In Chapter five, based on previous researches, a complete seismic shear strength model was 
developed to directly evaluate shear degradation with increasing lateral drift ratio for 
resilient circular concrete columns. The proposed model has advantages over the previous 
models in two aspects: 1) the proposed model can calculate the seismic shear strength for 
circular concrete columns, both ductile and resilient, without transforming circular section 
into equivalent rectangular section, and avoiding calculation error; 2) the model defines 
shear strength as function of drift ratio, which enables one to associate shear strength with 
damage degree that a concrete column may experience.  
 
In order to verify validity and accuracy of the proposed model, numerous tests conducted 
previously by many researchers over the world have been collected. Through comparisons of 
the experimental results and the theoretical predictions by the proposed model, the 
following conclusions can be drawn: 
 
(1) The initial nominal shear strength of circular concrete columns, ductile and resilient, can 
be predicted every well by the model, if putting an upper limit 687MPa to the yield 
strength of circular spirals or hoops. 
 
(2) The shear strength degradation-starting drift ratio can be reasonable and accurately 
evaluated by the lateral confinement factor Ic, which expresses confinement degree by 
transverse reinforcement with respect to the compressed concrete.  
 
(3) Only considering strain-softening effect of concrete can predict the residual shear 
strength of circular concrete columns at large deformation very well, which greatly 
simplify expression for the residual shear strength. 
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(4) The slope of descending branch in complete shear strength model depends primarily on 
the degree of dowel action by the longitudinal reinforcing bars. The proposed equation 
(5.3-8) can trace the shear degradation along with deformation very well. 
 
(5) The proposed model can open a new way for structural engineers to conduct reasonable 
and reliable shear design for ductile and resilient circular concrete columns, imaging 
damage degree at the stage of design.  
 
In Chapter six, based on the experimental investigations and numerical analyses, a 
simplified envelope curve model and cyclic loop have been developed, to facilitate 
performance-based seismic design of resilient circular concrete columns. In addition, to help 
engineers to predict the repairing cost and performance of resilient concrete columns after 
being hit by mega-earthquakes, formulae for evaluating the maximum and residual primary 
crack width are also derived in reference to the current Japanese design guideline for 
conventional concrete members. Through comparisons between the experimental results and 
the analytical predictions described in this chapter, the following conclusions can be drawn:  
 
(1) The initial stiffness of resilient circular concrete columns can be accurately evaluated by 
the formula recommended in the ACI code for conventional concrete columns. 
 
(2) The proposed simple envelope curve can give a reasonable prediction to the capacity 
curve of resilient circular concrete columns. The predicted ultimate drift ratios where 
LBHSR begins to yield coincide very well with the experimental results. These facts 
assure high accuracy and validity of the proposed model. 
 
(3) The cyclic loops can be modeled in an extremely simple way, and the developed formula 
to calculate the equivalent viscous damping ratio for resilient circular concrete columns 
does agree very well with the lower limit of experimentally measured results  
 
(4) The developed formulae for assessing the maximum crack width and residual crack 
width corresponding to each specific peak drift ratio opens an easy way for structural 
engineer to predict the post-earthquake repairing cost for resilient concrete frames. While 
the accuracy of the proposed formulae in not very high, but is enough to make 
reasonable judgment during the stage of design. 
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7.2 Future works 
 
Due to time-constraint, the study reported in the thesis could not cover a wider range of 
parameters in experimental and theoretical works. In order to promote the applications of 
resilient circular concrete columns in general building structures or as highway bridge piers 
in seismic zones, there are several issues needed to be further addressed as listed below: 
 
(1) Effect of the shear span ratio on the resilience of circular concrete columns made of 
SBPDN bars must be further studied since in some extreme cases the contra-flexure point 
of columns at the lowest story may go beyond the column height, giving a shear span 
ratio larger than 3.0. In applying this type of column to highway bridge piers, it is 
indispensable to understand the seismic behaviors of columns with shear span ratio 
larger than 3.0. In addition, the longer the shear span, the P- effects on the resilience the 
more significant.  
 
(2) Effect of the amount of longitudinal SBPDN bars on the overall seismic performance and 
resilience has to be made clear experimentally. The slope of stably increasing lateral 
resistance by the SBPDN bars obviously depends on the steel amount. Correlation 
between the slope of the drift-hardening portion and the steel amount plays a 
fundamental role in establishment of reasonable design method for resilient circular 
concrete columns.  
 
(3) Effect of size of the SBPDN bars should be experimentally investigated. Larger SBPDN 
bar may influence its bond-resisting mechanism and bond strength, and hence the 
overall seismic performance and resilience of the columns.  
 
(4) Applicability of the proposed complete shear strength model to the rectangular concrete 
columns needs to be verified. Since this model explicitly defines the relationship between 
the seismic shear strength and the drift ratio, successful application to the rectangular 
concrete columns enables structural engineers to confidently associate the shear 
resistance with the potential damage degree, and to reasonably assess reparability and 
repairing cost of damaged concrete columns.  
 
(5) Overall seismic behavior of hybrid earthquake-resistant concrete structures made of 
resilient concrete columns should be theoretically and analytically investigated. Through 
the experimental and theoretical works on the hybrid structures, we need to draw key 
factors measuring and evaluating the overall seismic performance of the hybrid 
structures, such as detailing of joint, relative lateral resistance of the perimeter resilient 
frame with the energy-absorption devices, and the optimum distribution of energy 
devices. 
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(6) It should be made clear that to what extent the residual drift ratio of a resilient concrete 
column is permitted. From the viewpoint of repairable probability, drift ratio of 0.5% 
may be a good recommendation, but this value needs to be verified by experiments on 
seismic behaviors of damaged resilient columns.  
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